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ABSTRACT

Novel antibiotics developed using a new scaffold are needed to combat the rising
tide of antibiotic resistant bacteria. Multivalent antibiotics are a relatively new approach
that have the potential to greatly increase the efficacy of antibighite making it
difficult for bacteria to develop resistance. Dendrimers are an attractive framework for
the multivalent presentation of antibacterial moiet@siaternaryammonium compounds
(QAC) are a positively charged class of membrane disruptdrardattracted to the
large negative charge on phospholipid membrahkglearmagneticresonance (NMR)
metabolomicss a quantitative method used for comparison of metabolic profiles of wild
type and mutated bacterial samples, enabling the study efriahcesponse to
antimicrobials. Poton ¢H) NMR hydrophilic metabolomics was used to study gram
negative and graspositive bacteria upon exposurelid-diazabicycle2,2,2octane
(DABCO) with a 16carbon chairtetheredonto a mannose functionalized
poly(amidoaminePAMAM) dendrimer (denotedsDABCOMD), amembrane
disruptingmultivalentQAC. StockEscherichia col(E. coli) (denoted as wild type) and
DABCOMD mutatecE. coli (denoted as mutants) were collected in the mid log and
stationary phases. The same procedures were usBddtius cereugB. cereu$ as for
E. colisamples (denoted as unchallenged), except that a DABCOMD challenged sample
set was added (denoted asldnged). The challenged sample set procedures were
identical to the unchallenged, except DABCOMD was included at 33 % of the MIC value
in the growth media for growth curve acquisition and sample collection. The greatest
differences observed between thetabolic profiles of the wild type and mutatedcoli
samples and between the challenged and unchall&getdeussamples were in energy
associated metabolites and membyegiated pathways. The mutants in all sample types
were associated with highlevels of spent energy molecules (including AMP and
NAD™") and peptidoglycan related compounds (includirgddtylglucosamine). Overall,
more changes were observedBocereus(grampositive), especially in challenged
mutantB. cereussamples, than fdt. coli (gramnegativgé samples. Since DABCOMD
is a positively charged multivalent membrane disruptor, BotereusandE. coli
mutated to garner protection by altering their peptidoglycan layer composition, which is
energetically costly.



1

CHAPTER ONE

INTRODUCTION

Antibiotic resistant bacteria are an ewecreasing global health concern as the
number of new antibiotics produced decreases every year and the quantity of bacteria
gaining resistance to common antibiotics incre@sistzer et al. 2011Alanis 2005;

Hoer et al. 2016GonzalesBello 2017 Todar 2012 As more and moredtteria are
becoming resistant to antimicrobials, a need to develop antimicrobials that are more
difficult for bacterid resistage acquisition is becoming more urgent. Synthesizing and
studying an antimicrobial that functions on both giaegative and grafpositive

bacteria is preferred, since most bacteria are resistant to at least one classification of
antibiotic alreadyHKloerr et al. 2016 Multivalent scaffolds are of particular énest,

since a multivalent scaffold bombards target pathways/membranes by presenting multiple
active units bound in close proximity, overwhelming defensestinfcrobial
functionalized glycodendrimeese being studied as a wayramuce the developmenit o
bacterial resistanggloninger 2002; Andre et al. 2001; Roy 2003 he readily
changeable size (generation number) and density of functional endgroups of
poly(amidoamine) (PAMAM) dendrimemmake these scaffolds attractive for
development of newntimiaobial agents Mintzer et al. 201]1Paleos et al. 2010; Lu and
Pieters 2019Cloninger 2002 Functionalization of PAMAM dendrimers with
carbohydrates, creating glycodendrimers, increases the dendrimer solubility, and
antimicrobial compounds can be appended to the carbohydrate end@tarmpsder

2002; Andre et al. 2001; Roy 2003ertain catonic antimicrobials such as quaternary



2
ammonium compounds (QAC) are ablalisrupt and destrothe membranes of bacteria
(McDonnell et al. 1999) Multivalent membrane disruptors are an especially intriguing
class of compoundsince they are able obliterate bacterial defenses while
simultaneously beingery difficult for resistance acgsition (Lu and Pieters 2019
Pieters et al. 2009)It is verychallengingfor the bacteria to make enough changes to
their membranes tprevent the multivalent barragé membrane disrupting positively
charged compound€hamorro et al. 202 Hurdle et al. 2011; Pieters et al. 2009).

There are generally four important features of a cationic biocide (Timofeeva and
Kleshcheva 2011; Chen et al. 2017). First, the moleouk hold its structure (it cannot
fold in on itself, therefore hiding itsbo
must be highly positively chargedhird, the compound should have an alkyl chain of at
least three carbons (longer than thragbons is generally preferred). Finally, for gram
positive bacteria, the antimicrobial agent should have a high molar mass (Timofeeva and
Kleshcheva 2011; Chen et al. 201The multivalent QAC used in this study can
function on both grarmegative and gim-positive bacteria and is a mannose
functionalized PAMAM dendrimer appended witl#-diazabicycle2,2,2octane
(DABCO) (Pokhrel et al. 2004) with a 4&rbon chairfdenoted a®ABCOMD).

DABCOMD has a molar mass of about 30 kDa and a diameter of about8th a
16-carbon chain that is approximately 1.9 nm long in its extended &BCOMD,
shown in Figure 1.1, was synthesized by Harrison VanKoten anaddaers (VanKoten
et al. 2016 DABCOMD is a highly promising candidate as a cationic biocide umxa

this compound meets the four criteria described above. The dendrimer provides a stable,

p



3
easily functionalizable multivalent structure, mannose increases the solubility, and
C1-DABCO has a 1&arbon chain and two positive charges, thus giving each

DABCOMD an average positive charge of sixteen.

Figure 1.1 Structure of CIBABCO Mannose Functionalized Dendrimer (DABCOMD)

A significant portion of antimicrobials being utilized are designed to interfere
with metabolism, whereas QACs and otbationic biocides use electrostatic attraction
and their highly positively charged bulky structures to interfere with and cause damage to
cell membranes (Kugler et al. 2005; Timofeeva and Kleshcheva 2011; Gerba 2015; Tiller
et al. 2001). Outer cellularrgtture is different between grapositive and gram
negative bacteria. Grapositive bacteria have an outer cell wall composed of a thick
peptidoglycan layer and an inner cell phospholipid membrane, while mgggative
bacteria have both an outer and inpbospholipid membrane with a thin peptidoglycan
layer in between. Phospholipid membranes have a thickness of about 4 nm (Milo and
Phillips 2015). The peptidoglycan layer in grawsitive bacteria is about 20 nm to
80nm wide, while it is less than 10 nmde in gramnegative bacteria (Kim et al. 2015;

Mai-Prochnow et al. 2016). Due to their natural membrane disruption properties,



4
multivalent cationic antimicrobials such as DABCOMD should be effective even against
antibiotic resistant bacteria due toith@gh charge density and large bulk (Ktgler et al.
2005; Gerba 2015).

An electrostatic attraction draws the cationic biocides to the negatively charged
lipopolysaccharide and phospholipid membrane in gnagative bacteria (Timofeeva
and Kleshcheva 201 Tiller et al. 2001; Sabnis et al. 2021). The lipopolysaccharide is
composed of éntigen bound to the core oligosaccharides bound to lipid A within the
membrane (Bertani and Ruiz 2018). The large negative charge on the lipopolysaccharide
can be decreasd by binding phosphatidylethanolamine to the oligosaccharides (Bertani
and Ruiz 2018; Sabnis et al. 2021). The phospholipid membrdhecofiis mostly
composed of phosphatidylglycerol (net negative charge), phosphatidylethanolamine (net
neutral chargeand diphosphatidylglycerol also known as cardiolipin (net negative
charge) (Rowlett et al. 2017; Malanovic and Lohner 2016). Cardiolipin has a more
conically shaped head group due to a glycerol binding two phosphatidylglycerols. Itis
thought that the @gative charge and unique structure aid in facilitating bilayer phase
transition (Malanovic and Lohner 2016). Cardiolipin could be one of the regions where
cationic biocides electrostatically bind and breach the membrane. Phospholipids can be
modified wih alanine or lysine to decrease the negative charge on the phospholipid
membrane (Cox et al. 2014; Hebecker et al. 2015). It is likely that the interaction of the
cation biocides with the negative charges on the membrane results in the loss of the
catioric counterions normally present @and Md¢*) (Kugler et al. 2005; Timofeeva

and Kleshcheva 2011; Chen et al. 2017; Tiller et al. 2001; Sabnis et al. 2021). The
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counterions provide stability and bridge the phosphate groups. The release of these
counteions likely leads to the destabilization of the membrane due to repulsions between
phosphate groups (Kugler et al. 2005; Timofeeva and Kleshcheva 2011; Chen et al. 2017;
Tiller et al. 2001; Sabnis et al. 2021). After the outer membrane is breachedcilde bi
can move inside and disrupt the thin peptidoglycan layer, then the inner membrane
(Timofeeva and Kleshcheva 2011; Nguyen et al. 2011; Chen et al. 2017; Richards et al.
2018; Tiller et al. 2001; Sabnis et al. 2021). Once the inner membrane has been
breached, leakage and lysis occur (Timofeeva and Kleshcheva 2011; Nguyen et al. 2011,
Chen et al. 2017; Richards et al. 2018; Tiller et al. 2001; Sabnis et al. 2021).

The positive charge on the biocide is attracted to the highly negatively charged
teichoicand lipoteichoic acids in grajpositive bacteria (Timofeeva and Kleshcheva
2011). Teichoic acid and lipoteichoic acidoacillus cereugenerally are composed of
glycerol phosphate polymers, with teichoic acid attached to the peptidoglycan layer and
lipoteichoic acid attached to the phospholipid membrane and protruding out through the
peptidoglycan layer (Brown et al. 2013; Percy and Grindling 2014; Wu et al. 2021).
Teichoic acid is attached to the peptidoglycan layéairillus cereudy binding to
N-acetylmuramic acid via a linker composed chisetylglucosamine bound to
N-acetylmannosamine (Brown et al. 2013; Percy and Griindling 2014; Wu et al. 2021).
The glycerol phosphate polymer is attached taddtylmannosamine. Teichoic
acid/lipoteichoic acidtan be modified to decrease their overall negative charge by
attaching alanine to a glycerol (Schneewind and Missiakas 2014; Brown et al. 2013;

Percy and Griindling 2014). The phospholipid membrabadilus cereuss mainly
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composed of phosphatidylglywt, phosphatidylethanolamine and cardiolipin
(diphosphatidylglycerol) (Lang and Lundgren 1970). Phosphatidylglycerol has a net
charge of negative one, phosphatidylethanolamine has a net neutral charge and
cardiolipin has a net charge of negative one (dug/drogen bonding) (Malanovic and
Lohner 2016). Lysine and alanine esters of these phospholipid components can also be
utilized to decrease the overall negative charge (Cox et al. 2014; Schneewind and
Missiakas 2014; Hebecker et al. 2015). The gemeeghanism that has been proposed
for QAC action on granpositive bacteria is the negatively charged teichoic acid and
lipoteichoic acid attract the positively charged cationic biocide (Timofeeva and
Kleshcheva 2011). The electrostatic interaction betwleegationic biocide and teichoic
acid/lipoteichoic acid results in disruption of the peptidoglycan layer, especially with a
bulky cation disrupting the packing structure of peptidoglycan (Timofeeva and
Kleshcheva 2011). Once the cationic biocide matk#ésaugh the peptidoglycan layer, it
is attracted to negative charges on the phospholipid membrane, resulting in the disruption
of the phospholipid membrane until leakage occurs. Lysis and death follow (Timofeeva
and Kleshcheva 2011; Gerba 2015).

Anotherimportant step in understanding bacteredistance is determinirghich
metabolomigathways are involvedinh e b a c t ahiliy to resistthea i n 6 s
antimicrobialagent Metabolomics is the study of the small molecules (metabolites)
produced in celllar metabolism Metabolites are easily affected by the environment of
the organism and can be used to distingbetfweerphenotype¢gBar di ng et al

Dett mer @aMshaa 2008; 2ndod &t al. 20D7Therefore, metabolitemreideal



v

for studying the complex relationship that

pat hways and (Dettmedetad.2007Shulaev 2006)Bacterial

environments are easily manipulatétey have shodeneraton timesand a nasty habit

of taking up nearby genetic materiading to a high number of mutants per generation
(Denamur and Matic 2006; Martinez and Baquero 2000; Ceragioli et al. 2010; Bundy et
al. 2005. The diversity of bacterial mutations unforaiely meanbacteriareadily

become more resistant to common antimicrobi8lisice QACs do not to enter the cell

and bind a specific target within a c@urdle et al. 2011)internal defense mechanisms
such as efflux pumps (which would pump the antrotital out) and internal degradation
enzymes (which would bind and cleave the antimicrobial within the ¢&linénn and

Lenz 2009; Martinez and Baquero 2000; Steegh and Ibba 2013Xu et al. 2006 Todar

2020; Denamur and Matic 2006; Anderson et al. 2@848not be use to defend bacteria
from the QACs. Bacteria can, however, attempt to lessen the effects of the QAC by
strengthening their cell membranes to decrease the likelihood of a breach (for example,
by increasing the degree of crosslinking), by mgkhreir membranes less attractive by
increasing their overall positive charge (for example, by incorporating a higher
concentration of a positively charged compound like lysine), and by thickening their
peptidoglycan layerd\jkolaidis et al. 2014; Shéerd and Ibba 2013; Zvoet al. 2018;

Xu et al. 2006; Anderson et al. 2012I'hese modifications are not only energetically
costly, but they also can interfere with nutrient uptake by making it more difficult more
nutrients to pass through the cell membré@eamorro et al. 2012; Pieters et al. 2009).

If the nutrient disruption is bad enough, the overall growth of the bacteria could be
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stunted, and higher concentrations of spent energy compounds would be found in a
metabolite study, since the mutated baaterould need to use up more energy.

Proton {H) nuclearmagneticresonancéNMR) metabolomics is a quantitative
method that has been reliably used for dectmletudy the biochemical end byproducts
of bacterial response to environmental stressors,asibleing grown in the presence of a
multivalent antimicrobialB ar di ng ®tet & lme r 2 @\ishga 2008; 2 0 0 7 ;
Turkoglu et al. 2019; Lammerhofer and Weckwerth 2013; Lindon et al.)208fer the
NMR data is collected, Chenomx Suite Software contains a chemical compound database
that allows profiling of NMR spectr&Chenomx 202D The identity and concentration of
the metabolites are determined by clicking on a peak, which bringdistpof possible
compounds. Clicking on the compound will bring up its spectrum, which can be fitted to
the sample spectrum to determine if it matches and sizing it to fit the sample spectrum,
thus identifying the compound and determining its conceotratNot all peaks are able
to be identified, as identification is limited by the database of NMR compound spectra
available. The identified and quantified metabolite lists are standardized. The
concentration and corresponding metabolite identitieedoh individual sample are
input into several mathematical analyses to eliminate outliers, determine similarities and
differences between sample types and determine which metabolites are the most
indicative of which sample type.

Hierarchical clusterings used to show the relationships between individual samples,
sample types and whether the different sample types group separately or cluster together

based on the similarity of the metabolites and concentrations in each individual sample
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(Addinsoft 202). Principal component analysis (PCA)a multivariate statistical
analysis that uses an unsupervised approach to cluster observations based on a set of
variables, including individual samples and metabolites with their associated
concentrations on RCA bplot (Lindon et al. 2007Ammons et al. 2014). Therefore,
guantified data can be used to cluster phenotypes. Since PCA uses an unsupervised
statistical approach, the patterns observed are more likely to be true. Generally, only the
first two factors armeeded (axis and yaxis) to observe the data. Factors are
mathematical manipulations that cluster phenotypes together. If the two factors add up to
about 50 % of the variance, then only the first two factors are needed. If there are no
outliers andhie sample types are indeed unique, then the individual samples will cluster
with their phenotypel(indon et al. 2007Lammerhofer and Weckwerth 2013Partial
least squarediscriminate analysi@PLS-DA) is a multivariate linear regression model for
largeand complicated data sets (Chung and Keles 2010)-0A_8®rms linear
combinations of predictors in a supervised manner and was originally designed for
continuous response data. Sparse-BI8S(sPLSDA) can achieve variable selection and
dimension reduadn simultaneously (Chung and Keles 2010). Withha@gonalPLS DA
(ortho PLSDA), the first component is used as a predictor for class, and the second
component is the variation orthogonal (perpendicular) to the first component, which can
result in greateseparation of sample types (Westerhuis et al. 2010). The variods PLS
DA analyses can be used to determine the importance of metabolites to different
phenotypes and to demonstrate similarity clustering. MetaboAnalysa@i€driHunter

shows positive athnegative correlations between variables in different sample types
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(Pang et al. 2021 and references th@reirhe correlations in Pattern Hunter show
whether or not metabolites are possibly changing together in the same pathways, as
metabolites with a lgh correlation are likely changing related to the same pathway or
stressor. In this study, pattern hunter shows which (if any) metabolites positively or
negatively correlate to other metabolites and how strong that correlation is, when
observing the diffeences between two different sample types. A volcano plot contains
fold change and-palue dataRang et al. 2021 and references thgrefdn a volcano
plot, the statistically significant fold change angigue lines are visible. None of the
metabolits that fall below the horizontal line and/or fall between the two vertical lines
have a significantqwalue and/or fold change. These statistical analyses in conjunction
with NMR metabolomics were used to study pathways and processes byEwhbaih
andB. cereusattempted to garner protection fradBCOMD in their attempts to
develop resistance

The goals of this project were to elucidate resistance mutations that accompany
E. coli andB. cereusexposure to DABCOMD and compare them to determine how
granmnegative and graspositive bacteria are responding to DABCOMDudidation of
how bacteria respond and mutate in the presence of multivalent antimicrobials could
guidefuture antimicrobial research. NMR hydrophilic metabol@wi@s used to study
the resistance pathways involved in garnering protection from DABCOMD, a positively

charged multivalent membradesruptor, inEscherichia colandBacillus cereus
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The spedic aims of this projecitvere as follows:
o0 NMR Hydrophilic Metabolomic Analysis of Wild Type and DABCOMD Mutant
E. coli
o0 NMR Hydrophilic Metabolomic Analysis of DABCOMD Challenged and
Unchallenged Wild Type and DABCOMD MutaBt cereus
o Comparison of Metabolic changes between GNegative E. coli) and Gram

Positive B. cereu¥ Bacteria

Organization and Summary

There are five chapters prased in this dissertation. Following this introductory
chapter, the results and conclusions of the NMR hydrophilic studescofi are found
in chapter 2, with additional data being found in AppendixXTAe research and results
for theB. cereugproject are found in chapter 3, with additional data available in
Appendix B. Chapter 4 discussasd comparethe overall trends in both projects and
chapter 5 contains future work atté significancef this research. A discussion of the
RNA study can be found in Appendix C.

Chapter 2 containthe published manuscript fd. coli hydrophilic NMR
metabolomiaesearch (Aries and Cloninger 2020). The metalpaithwaysof E. coli
mutated in the presence of DAB®D was compared to wild typg. coliin order to
better understand how they are attempting to garner protection from the multivalent
QAC. The altered energy and membrane related pathways observed with the fButated
coli in comparison to the wild type discussed Appendix A contains additional data

and information not found in the manuscript.
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Chapter 3 contains the submitted manuscripBfarereusydrophilic NMR
metabolomic research. The proceddoesheB. cereussamples were the same as with
the E. colisamples (denoted as unchallenged), excEABCOMD challenged sample
set was added for both the mutant and wild type sanfgiéemted as challengedThe
challenged sample set contained 33 % of the MIC value for DABCOMD in the growth
media andhe unchallengedamplegid not have DABCOMDadded taheir growth
media. The metabolism ohallenged and unchallengBdcereusmutated in the
presence of DABCOMD was comparedhe challenged and unchallengeid type
B. cereussamplesn order tobetter understand how they are attemptogainresistto
the multivalent QAC.Thelargestdifferences observedexean associ@n of higher
concentrations of spephergymoleculesand membrane related pathwayshe mutant
B. cereusamples, espeally the challenged mutaB. cereusamples.Appendix B
contains additional data and information not found in the manuscript.

Chapterd contains a summary of the results for the hydrophilic NMR
metabolomicstudies ork. coliandB. cereus A comparisorof the results of exposing
grantnegative E. coli) and grarrpositive 8. cereuybacteriadco DABCOMD is
discussed More changes in metabolite concentrations were observed in the gram
positive bacteria. Moreover, a change inglope of thegrowth curveand final
stationary phase concentration was only observed in thegpaitive bacteria.

Chapter contains theverall impactand final conclusions dhis research.
Future work with DABCOMDE. coliandB. cereusnetabolomic researdhat shoulde

investigated is discusse&tudying common methods of bacterial mutations in response
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to multivalent membrane disruptors can further researctthietdevelopment of
additional antimicrobialhat are difficult for resistance acquisitioBothE. coli(gram
negative) andB. cereuggrampositive) were unable to overcome the multivalent
membrane disrupting properties of DABCOMD, therefore resistance was attempted, and
mutations were garnered, but resistance was not acquireds, ti@ antimicrobial
propertes of DABCOMD should be further evaluated on other bacteria and organisms.

Figure 1.2 is an illustration of DABCOMD attacking bacteria.

Resistance

is Futile

Bacteria

DABCOMD

Figure 1.2. lllustration of DABCOMD attacking bacteria.

Appendix C contains RNA research informatiofhe RNA samplesvere lost
due to a freezer failureSince all critical RNA samples were lost RNA information
was obtaind. The procedures for RNA extraction are provided along with data
demonstrating viale and nonviable RNA samples on both the NanoDrop® and
Bioanalyzer. The modifications to the procedures, why they were changed, and the

results of the alterations are discussed.
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Abstract

Multivalent antimicrobial dendrimers are an exciting new system that is being
developed to address the growing problem of drug resistant badtieriéear Magnetic
Resonance (NMR) metabolomics is a quantitative and reproducible method for the
determination of bacterial response to environmental stressors and for visualization of
perturbations to biochemical pathwaysMR metabolomics is used to elucidate
metabolite differences between wild type and antimicrobially mutasetierichia coli
(E. coli) samples.Proton {H) NMR hydrophilic metabolite analysis was conducted on
samplesof E. coliafter 33 growth cycles of a minimum inhibitory challeng&taoli by
poly(amidoamine) dendrimers functionalized with mannose and wib&BCO
guaternary ammonium endgroups and compared to the metabolic profile of wild type
E. coli. The wildtype and mutateB. colisamples were separated into distinct sample
sets by hierarchical clustering, principal component analysis (PCA) and sparse partial

least squares discriminate analysis (sfl4&. Metabolite components of membrane
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fortification andenergy related pathways had a significawajue and fold change
between the wild type and mutatédcoli. Amino acids commonly associated with
membrane fortification from cationic antimicrobials, such as lysine, were found to have a
higher concentrabn in the mutateé&. colithan in the wild typée. coli.
N-acetylglucosamine, a major component of peptidoglycan synthesis, was found to have
a 25fold higher concentration in the mid log phase of the mutatembli than in the mid
log phase of the wild typeThe metabolic profile suggests tltatcoli change their
peptidoglycan composition in order to garner protection from the highly positively

charged and multivalenti&DABCO and mannose functionalized dendrimer

KeywordsMetabolomics - Quaternary ammonium compounds - Nuclear magnetic

resonance - Dendrimers - DABCO - Antibiotic Resistance

Introduction

New infectious diseases with novel drug &sgemerge every year, and the
occurrence of bacterial resistance to existing antibiotics is increasing at the same time
that the number of new antibiotics produced per year is decrealiig in conjunction
with a large quantity of bacteria in hospitélaving at least one antibiotic that is
ineffectual, is a critical global health concern (Mintzer et al. 2011; Alanis 2005; Martinez
and Baquero 2000; Xue et al. 2013; Gonz#leBo 2017) Many of these multidrug
resistant bacteria are gram negativedii@t al. 2016; Gonzaldello 2017), including

strains ofEscherichia col(E. coli) (GonzalesBello 2017).
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E. coliis an appropriate microbial on which to study resistance pathways for new
antimicrobial agents due to the extensive genetic and metahadiies that have been
previously reported (Gonzal&ello 2017, Hoerr et al. 2016)n addition,E. coli has a
short generation time, is easily mutable, is a commonly occurring infection and has a thin
cell wall. The most common processes usedEbgdi for antibiotic resistance include
random beneficial genetic mutations, horizontal gene transfer, and strengthening of the
cell wall and basic defense systems (Denamur and Matic 2006; Todar 2012; Gonzales
Bello 2017; Anderson et al. 2012; Hoerr et all@) E. colihave a beneficial mutation
rate of 2 x1& per genome per replication due to random genetic mutations (Denamur and
Matic 2006; Martinez and Baquero 2000; Gonz#deo 2017) Horizontal gene
transfers occur due to bacterial DNA uptake fittwe environment, swapping plasmids
with other bacteria, and virus phage DNA injecti@acterial communities that are
antibiotic resistant can even shield antibiotic susceptible bacteria of different species
from certain types of antibiotics (Perlin et 2009) Bacteria can also become antibiotic
resistant by using efflux pumps, antibiotic degrading or altering enzymes, and alterations
to their peptidoglycan layer composition (Martinez and Baquero 2000, Humann and Lenz
2009,Shepherdnd Ibba 2013, Tod2012; Anderson et al. 2012).

Peptidoglycan, which is the main component in bacterial membranes, is
composed of an alternating chainNshicetylglucosamine ard-acetylmuramic acid
interlinked with pentapeptide side chairGhanges to the peptidoglyckyer are known
to change the permeability of the membrane and to alter the pattern of noncovalent

interactions that are achieved by antibiotics interacting with the cell surface (Anderson et
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al. 2012;Shepherdind Ibba 2013)For example, glycine is@ommon amino acid used
to crosslink the peptidoglycasliephercind Ibba 2013; Hammes et al. 1973), and
decreased amounts of crosslinking have been correlated with a decrease in bacterial
survival rates (Loskill et al. 2014 AminoacyHRNAs are redirect&from protein
synthesis to peptidoglycan synthesis in order to change the pentapeptide side chains,
thereby protecting the bacteria against binding by environmental stressors such as
antibiotics Shepherand Ibba 2013) Generally, the pentapeptide siclegain amino acids
are switched out in order to change membrane fluidity, permeability, crosslinking,
charge, and hydrophobicity to improve survivability (Loskill et al. 2@epherdnd
Ibba 2013; Humann and Lenz 2009; Anderson et al. 2AliR¢ genetc mutation, these
defense mechanisms greatly increase the rate of antibiotic resistance in bacteria and
decrease the number of currently effective antibiotics (Martinez and Baquero 2000;
GonzalesBello 2017; Anderson et al. 2012).

Antibiotics designed usg new scaffolds and directed at previously unassessed
bacterial metabolic pathways are needed because bacteria may be less likely to develop
resistance to themn addition, new antibiotics that allow for administration of a
therapeutic cocktail that simtaneously targets multiple bacterial pathways could
increase efficacy and decrease resistait@articular, scaffolds that allow antibiotics to
function multivalently are attractive because they can take advantage of multiple
individual active unitst#ached to a central core, thus concentrating several of the
antibiotic moieties in close proximityDendrimers are an appealing multivalent scaffold

because they are highly modular; the size of the dendrimer can be easily changed by
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changing dendrimer geration, and a variety of antibiotics in varying densities can be
used (Mintzer et al. 2011; Paleos et al. 2010; Vembu et al. 2015; Chen et al. 2000; Lu and
Pieters 2019)Poly(amidoamine) (PAMAM) dendrimers can be functionalized with
carbohydrates, aminacids, antibiotics and other bioactive groups (Cloninger 2002;
Andre et al. 2001; Roy 2003arbohydrate functionalized PAMAM dendrimers,
i.e. glycodendrimers, have been shown to have higher activity than their carbohydrate
monomer counterparts (Wolfdan et al 2015; VanKoten et al. 2016; Andre et al. 2001)
and have been shown to disrupt bacterial activity (Roy 2003; Andre et al. 2001; Chabre
and Roy 2008; Mintzer et al. 2011; VanKoten et al. 20F&inctionalization of the
carbohydrate endgroups wiéim antibiotic has provided significantly higher activity and a
greater challenge for bacterial resistance than their monomer counterparts-(Garcia
Gall ego et al. 2017; WroGEGska et al. 2019;
Quaternary ammonium compals1(QAC) are used as disinfectants and surface
surfactants because of their antimicrobial properties (Engel et al. 2011; McDonnell and
Russell 1999; Mintzer et al. 2011; Sreeperumbuduru et al. 2016; Jiao et al. Q&T3
have a hydrophobic portion angbasitively charged hydrophilic ammonium grouphe
large positive charge of the QACs disrupts and/or lyses the bacterial phospholipid
membrane (McDonnell and Russell 1999; Mintzer et al. 2011; Sreeperumbuduru et al.
2016; Jiao et al. 2017)r'he QAC studked in this report is a 1;diazabicycle2,2,2octane
(DABCO) (Pokhrel et al. 2004) with a 4&rbon chain (-DABCO). DABCO has
been shown to be affective against both gram positive and negative microbes

(Sreeperumbuduru et al. 2016}16-DABCO is att@hed to a mannose functionalized
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PAMAM dendrimer (Figire2.1). The Ge-DABCO and mannose functionalized
dendrimer (DABCOMD) multivalently presents the positively charged ammonium units,
and VanKoteret al.(2016) conducted a minimum inhibition study usbwyyBCOMD to
determine the minimum inhibitory concentration (MIC) against both positive and
negative strains of bacteridfter challenginge. coliwith DABCOMD for 33 growth
cycles, DABCOMD showed 16fold increased antimicrobial potency relative to the
monomeric Ge-DABCO on a per active unit basis (VanKoten et al. 20T&)eE. coliin
the MIC study became very resistant to small molecule inhibitors including Ampicillin
and monomeric DABCO, while the MIC remained almost unchanged for DABCOMD
Because fthe effectiveness of DABCOMD in MIC assays coupled with a lack of
development of resistance over many growth cycles, a comparisonegfdbkbefore
and after exposure to DABCOMD for 33 growth cycles was performed using

metabolomics.

(C),
/\"’ = (CH2)15CH3

—O

Figure2.1.Structure of the ¢&-DABCO Mannose Functionalized Dendrimer
(DABCOMD)
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Metabolomics is the study of the small molecules (metabolites) produced in
cellular metabolismMetabolites are easily affected by the environment of the organism
and can be usdd distinguish phenotypeSthul aev 2006 ; Blaerrdti ng et
al. 201§ Metabolomics is a quantitative and/or qualitative analysis which can be used to
assess metabolite changes between wild type and mutants, making metabolomic profiling
an ide&technique for studying the complex relationship that exists between an
organi smés metabol i ¢ pSahtuhl vaaeyvs 2a0n0d6 ;i tBsa redni vnig
Dett mer dloerratlal. 201B.@rOnYerhofer and Weckwerth 2013; Lindon et al.
2007 Sincenuclearmagneticresonance (NMR) metabolomics is a reliable and
guantitative method, this technique is an important method for comparing the
biochemical byproducts of mutated and wild type metabolism (Hoerr et al. 2016; Dettmer
et al. 2005; Ammons et.&014). Thus, the goal for this research project was to
determine likely pathway changes involved in the developmeht bgli of resistance to
multivalent DABCOMD using proton‘d) NMR hydrophilic metabolomicsThe
guantitative results reported her@mere obtained using DABCOMD with. coliin order
to improve our understanding of the main resistance pathways and key mutations

expected for bacterial systems upon exposure to multivalent antimicrobial compounds.

Methods

Samples
The FDA Strain Seattle9Q46E. coli (ATCC 25922)was used as the wild type,

and the mutated samples were prepared as described in VanKoten et aFQ@16.
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sample types were used: wild type mid log phase (WT ML), wild type stationary phase
(WT S), mutant mid log phase (Mut ML) and mutant stationary phase (M&a&hples
were grown, collected, and standardized as describ&dpandix Athe Supplementary

Material. A brief overview of procedures is show in Figure 2.2.

Mid Lo
2 cultures | d Phaseg Hydrophilic — Acetone
per E. coli | "M 8N¢ (- ih Sample Metabolite | Hydrophilic| Acetone | Precipitated
type Curve Collection ——p» | Metabolite | ———3m | Hydrophilic
ODgoo Samples| Extraction | Samples [Precipitation | Metabolite

Samples

(starting : -
ODioy=0.1) Readings Ny Stgggg:ry >

Figure 22. Overview of procedures from culture to extracted hydrophilic metabolites
ready for NMR buffer

Metabolite Extraction Procedures

Hydrophilic ExtractionThe cell pellets were thaweah ice. Cold methanol

(MeOH) (800 eL) andOwergadda Lo eaxti sarvpie ltekt tulpe@amde
vortexed. The cells were sonicated for 5miesthen vortexed. Cold chloroform

(800e L) and 40 @O wete adéd toceach tdst ttfide amples were

vortexed and incubated on ice for 15 oies The test tubes were centrifuged at
3,500rpms for 15minutes The aqueous layer was transferred to a sterile Eppendorf tube
and concentrated on a speed vacuum until @he samples were frozeh-280 °C

(Ammons et al. 2014 and 2015 and references therein).

Acetone Precipitatiohe samples were thawed on iCehe pellets were

suspended 20 namd 01 ,eA5 Mhesampleswere toren-£0 °C
overnight. The samples were thawed on iCEhey were cloudy with precipitated

proteins once thawedl'he samples were centrifuged at 2,000 rpms for 30 e
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protein pellet was discardedhe speed vacuum was used to dry the metabolite samples.
The metabolite @llet was frozen at80 °C (Ammons et al. 2014 and 2015 and references

therein).

NMR Sample Preparation

Note: All D>O used was NMR grade.

NMR Buffer Preparation imidazole stock solution was made by adding

27.230g of imidazole to 4.0 mL of gD. 3-(Trimethylsilyl)propanel-sulfonate sodium

salt (DSS) (21.231g) was added to 4.0 mL okD to make a DSS stock solutiom

5.0mL of D20, 0.345 g NakPQyH20, 0.355 g NgHPQ4 (anhydrous) and 0.040 g NaN
were dissolved to create a NaRgffer stock soluon. A 30 mL DO buffer solution

was made by combining 300 pL of the DSS stock solution, 60 pL of the imidazole stock
solution, 1,500 pL of the NaR@uffer stock solution, and 28,140 pL of@ (Ammons

et al. 2014 and 2015 and references therein).

Sample PeparationA culture was started from each of three overnight growths,

providing three technical replicate$his process was repeated six separate times: three
cultures were taken six times to provide six biological replicates and eighteen samples
overall for each of the four sample types (wild type mid log, mutant mid log, wild type
stationary, mutant stationgr72 samples in total)Of the eighteen samples obtained,
fifteen NMR samples were used for wild type mid log and for mutant mid log phases.
Twelve NMR samples were analyzed for the wild type stationary phases, and thirteen

NMR samples were analyzed fine mutant stationary phas&€he metabolite samples
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were placed on ice, and 700 pL of the NMR buffer was addée. samples were gently
vortexed then transferred to a capped NMR Tubeditional information regarding

sample preparation is providedAppendix Athe Supporting Information.

Data Acquisition

The samples were acquired at 298 K using a Bruker Avance Il 600 MHz NMR
equipped with a SampleJ¥tautomatic sample loading system and a 5 mm triple
resonance'd, N, 3C) liquid-helium cooledl'Cl NMR CryoProbeand Topspin
software (Bruker version 3.6)LD *H NMR spectra were acquired usitige Bruker
supplied excitation sculpting (E®)a s ed & zpwlsge sequence, and N
recorded using 256 scansitaspectral window of 7211.538 Hz, 64K data points and a
dwell time interval of 69.33 psec between points, amounting to a spectrum acquisition
time of 4.54 s. The recovery delay (D1) timretween acquisitions was set to 2 s,

resulting in a total relaxation recovery time of 6.5 s between sddresspectra were

Fourier transformed and phased using th® End DSS resonances.

Data Analysis

The spectra were processed and profiled using CheNWR Suite 8.2 software
(Chenomx 2016) The Chenomx profilerés | ist of met s
metabolites and generate a fitted metabolite spectrum for all sanNzdesll peaks were
able to be identified with the prograrAn example fit andhe complete list of
metabolites identified using the Chenomx profiling software are listégpendix Athe
Supporting InformationLater, the same data was chosen at random to profile again to

check for errors.The concentrations of the identified talolites in each sample were
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standardized by the concentration of the starting sample and also with the total sum of
profiled metabolitesEach metabolite concentration was divided by the total
concentration and multiplied by 100 to give the standardizetdbolite concentration
that was used (details are provided\ppendix Athe Supporting Information).
XLSTAT (Addinsoft 2019) was used for hierarchical clustering and for principal
component analysis (PCA) for each sample type and corresponding dizediar
metabolite concentrationd.he metabolites and their concentration data were
transformed into comma delineated form (CSVhe CSV data were uploaded to the
MetaboAnalyst website version 4.0 for statistical analysis (Chong et al 2019 and
referencesherein). A volcano plot of pvalue versus fold change and sparse partial least
squares discrimimd analysis (SPLEA), Pattern Hunter and the very important features
(VIP) data from the partial least squares discriminate analysis[AJlwere used to
determine relationships among statistically significant metabolite chartedist of
metabolites generated forakasample type was used in the MetaboAnalyst Pathway
Analysis tool and using KEGG pathways (Kanehisa and Goto 2000 and references
therein) in order to identify altered metabolomic pathways in the mutants in response to
the DABCOMD. PCA was used to identifiyetabolite correlation with sample type, to
demonstrate sample separation without overlap, to eliminate metabolites that were not
indicative of the sample types, and to identify outlier sam#sS-DA provided a VIP
list of metabolites that are highlprelated with each othesPLSDA was used to
identify outlier samples and to demonstrate sample separation without overlapping data

sets. The volcano plot was used to highlight metabolites with both a significeaiue



33
(0.05 or less) and a fold changf 1.5 or higherThese statistical analyses were used in
conjunction with each other to investigate the data from different statistical perspectives,

and the results were combined to create a better understanding of the data.

Results

E. coli(ATCC 2592, denoted WT for wild type) were mutated in the presence of
C1e-DABCO and mannose functionalized dendrimers (DABCOMD) fegB3vth cycles
(denoted Mut for mutant) as previously described by VanKeteh 2016. The
hydrophilic metabolites were extradtéom the mid log and stationary phases for both
the wild type and mutant samples as summarized &2 (Ammons et al. 2014 and
2015 and references thereitd NMR spectra of the hydrophilic metabolites for the mid
log and stationary phases of bahe wild type and mutant samples were obtained.
Figure2.3a displays an example spectrum for each sample t§henomx NMR Suite
8.2 software was used to identify and quantify the hydrophilic metabolites present in each
sample. These metabolite idetitts and their concentrations for each sample type were
entered into MetaboAnalyst 4.0 for sSRD#\ analysis. MetaboAnalyst was used to
eliminate outliers in each sample type using siPl&Sand PCA. The outliers
distinguished themselves by being locatedwaivom their sample group clustewild
type stationary phase contained seven nonoutlier and five outlier samples, whereas the
mutant stationary phase contained eight nonoutlier and four outlier sarldsype
mid log phase contained eleven nonautind four outlier samples, whereas the mutant
mid log phase contained nine nonoutlier and six outlier samples.metabolite

identities and concentrations were analyzed using XLSTAT Hierarchical Clustering, from
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which the number of unique sample tymess determined, and the data were classified
accordingly. XLSTAT Hierarchical Clustering grouped the four sample types into their
own classes as shown in Erg2.3b. None of the samples from the mid log or stationary
phases had overlapping data setd, the mutant and wild type sample sets were also
separated into their own nonoverlapping clas3éss demonstrates that the wild type
mid log samples, the wild type stationary samples, the DABCOMD mutated mid log

samples, and the DABCOMD mutated statiyreamples all form unique sample sets.

A
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Figure2.3. A An exampletH NMR spectrum for each sample tyjBeHierarchical

Clustering indicating that there are 4 unique sample types. No overlap between sample
types was observed
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The name of the metabolite and its concentration for each sample were entered
into XLSTAT and MetaboAnalyst 4.0 to determine sample sear, metabolitdo-
sample correlation, and the statistical significance for each metabbditdetermine the
separation of sample types and the metabolite indicators for each sample type,
multivariate statistical analyses were performed using SPARD and 3D plots and a
PCA biplot (Figuire2.4). Figure2.4a shows that each sample type has significant
separation on each axis, accounting for 54.2% and 67.4% of the varigti@nndicated
that only the first two components needed to be consideresgparation and analysis.
The PCA biplot where 56.0% of the variation was accounted for in the first two factors as
shown in Figire2.4b also indicated that consideration of the first two components was
sufficient. Factor 1 separated the wild type frone tihhutant and factor 2 separated the
mid log from the stationary phas€igure2.4b shows which metabolites are indicative of
each sample typa\N-acetylglucosamine, for example, was indicative of the DABCOMD
mutated samples due to its significantly higb@ncentration in the samples from mutated

E. colithan in the samples from wild tyjie coli.
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Figure 2.4 A 2D sPLSDA demonstrate that each sample type can be separated into a
distinct group without overlaf® PCA biplot shows the sample type separatiblue) and
which metabolites are the most indicative of each sample type (red)

The data from each phase was entered into MetaboAnalyst 4.0 to generate a
volcano plot as shown in Rige2.5. Figure 25a and2.5b show the volcano plots of both
the mid log and stationary phasdsach metabolite highlighted in the volcano plot has a
significant pvalue (0.05 or less) and a fold change of 1.5 or highgyure2.5¢c and2.5d
display the very important features p(&IP scores) determined by the RBIA.

Metabolites with high VIP scores are highly correlated to other metabdBteasing the
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VIP scores in conjunction with the other statistical analyzes, important metabolites that
have been shown in previous wavikh antimicrobials were revealednterestingly,
lysine appeared in the VIP scores but not in the volcano plot because the volcano plot had
a cut off fold change of 1.5, whereas lysine only had ddld3change.Any metabolites

with a significant VIP sore were investigated.
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Figure 2.5Volcano plots displaying metabolites with a significarvgbues and fold
changes foA the mid log phase arélthe stationary phase. Important features (VIP)
scores from the PL-BA for important metabolites and theorresponding
concentrations i€ the mid log phase arfd the stationary phase

The pathways that are likely involved with the statistically significant metabolites
during their mid log and stationary phases are listed in TablePattern Hunter and
Pathway Analysis on MetaboAnalyst 4.0 aided in determining the most likely pathways

involved with several of the statistically significant metaboliteattern Hunter was used
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to ensure significance and correct correlation among the metabolites in a given pathway.

For example, histidine was found to be a statistically significant rokt&in our studies.

Histidine has an important role in aminoatigNA biosynthesis, yet it did not correlate

to the other metabolites in that pathway and was therefore omitted from2Table

Further studies are needed to determine the pathways involmed hi st i di ne 6 s

Lysine, on the other hand, showed only afbl@ increase in the mutant stationary phase

relative to the wild type stationary phase, and Pattern Hunter showed a positive

correlation with aspartate, glutamate, and AMP andjatinge correlation with Cysteine,

glycine, isoleucine and prolinélhus, the direction of fold change and corresponding

metabolites for lysine correctly correlated with additional metabolite data provided in

Table2.1.

Table 2.1Fold change of statistically significant metabolites in their corresponding
metabolic pathway for the mid log atitk stationary phase.

Mid Log Phase

Stationary Phase

Indicated Metabolite Fold Metabolite Fold
Pathway Change® Change
Citric Acid Cycle Fumarate +1.5 Succinate +1.9
NAD* +1.6 NAD* +2.4
Isocitrate +2.1
Pyruvate Acetate -14 Acetate -2.7
Metabolism
Aminoacyt Aspartate +1.3 (VIP) Lysine +1.3 (VIP)
tRNA Glutamate +1.6 (VIP) Glutamate +1.3 (VIP)
Biosynthesis Glycine -2.0 Glycine +1.8
AMP +1.8 AMP +1.6
Cysteine -15 Leucine -1.6 (VIP)
Isoleucine -1.4 (VIP)  Isoleucine -1.6 (VIP)
Proline -1.5 (VIP)  Valine -1.4 (VIP)
Peptidoglycan N-acetylglucosamine +25 N-acetylglucosamine -1.5
Synthesis Lactate +2.4 Lactate +1.1
Glutamate +1.6 (VIP) _ Glutamate +1.3

2A positive fold change is indicative of a higher concentration in the mUifre.
metabolites with VIP next to them were determined to be very important features by the

PSL-DA.
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Discussion

Multiple metabolites that are likely to be involved in energy related pathways and
cell membrane composition had both a significamtifjue and foldchange.The most
significant concentration changes between the wild type and the mutant were common
components of peptidoglycan synthesis, which is a critical component of the cell
membrane.N-acetylglucosamine had the largest observed fold change, whih 25
fold increase in concentration in samples from the mutant compared to those from the
wild type during the mid log phas&lany likely components of aminoaeiRNA
biosynthesis significantly changed in concentration when comparing mutant typeld t
in both the mid log and the stationary phagese likely explanation for the observed
concentration changes is a diversion from aminetRMA biosynthesis to peptidoglycan
synthesis.Common amino acid substitutes found in the peptidoglycan pentapeptide side
chain, such as lactate, glutamate and lysine had significantly higher concentrations in the
mutant than the wild typel.ysine has been shown to lower the permeability of the cell
membrane to cationic moleculeShiepheraind Ibba 2013) because this amino acid
inserts positive charge on the membrane to reduce the attraction of the cationic
antimicrobial to the membrané&ince the polyalanine tail of the peptidoglycan
pentapeptide s&lchain is a common target for antibiotics, bacterial mutants commonly
switch the last alanine amino acid of the pentapeptide side chain for a different amino
acid such as lactate (Menglirecreulx et al. 1994; Humann and Lenz 2009; Anderson et
al. 2012). In anaerobic conditions, it would be expected that pyruvate would be

converted to lactate to undergo anaerobic metabolism which would result in higher
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concentrations of lactate, formate, acetate and succinate and a decreasing pH (Soini et al.
2008). ThepH and growth curves for both the wild type and mutants were statistically
the sameAppendixFigures A2 andA3). The mutanhad a higher concentration of
formate and lactate and a lower concentration of acetate and succinate in the mid log
phase than theild type. The mutant had a higher concentration of formate and
succinate, a lower concentration of acetate and about the same concentration of lactate in
the stationary phase than the wild tydénese results add support to our theory that the
increasan lactate concentration in the mutants was a result of an increased rate of
peptidoglycan synthesis and peptidoglycan alterations during the mid log phase.

The mutant samples revealed-foRl decrease in glycine for the mid log phase
and a 1.80old increase in glycine in the stationary phase when compared to wild type.
Glycine is involved in crosslinking of the peptidoglycan, and crosslinking increases the
rigidity of the membrane structure (Loskill et al. 201A)possible explanation for the
significant fold change reversal for glycine is due to cells rapidly dividing in the mid log
phase and peptidoglycan crosslinking occurring to a lesser extér@n bacteria are in
the stationary phase, they are expected to settle into a configuration thdegproigher
survivability, and the extra rigidity of the cell membrane could be less of a hindrance to
normal functioning (Humann and Lenz 2009; Menrbetreulx et al. 1994).

Homocysteine levels werefdld higher and cysteine levels were-1ofd lower
in the mutant than in the wild type for the mid log phademocysteine levels were 2.5
fold higher and cysteine levels were about the same when comparing the mutant to the

wild type during the stationary phaséhus, the excess homocysteine being prodiged
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not likely being used for cysteine production, but the pathway could be stopping at
another intermediate such as cystathionilee t hi oni neds concentrati
same in the mutant and the wild type, suggesting that methionine is not a ToGugt
arising from the excess homocysteifdeintermediate cgtathionine can be utilized in
peptidoglycan synthesis (Mengirecreulx et al. 1994)Other metabolites such as
N-acetylglucosamine, lactate and glutamate are involved in peptidoglyclresgrand
were also found to be in excess in the mutant during the mid log phase (and have about
the same concentration as the wild type in the stationary phase), adding credence to the
theory that cystathionine is at least part of the homocysteine sihksa studiesWhen
cystathionine is added to media, bacteria uptake and incorporate it into their
peptidoglycan layer (Mengihecreulx et al. 1994)This truncates the pentapeptide side
chain by excluding the falaD-ala tail. Lacking a polyalanine tlacan provide
protection against some antimicrobials (Loskill et al. 2014; B&admnd Ibba 2013;
Anderson et al. 2012)Thus, theE. coli grown in the presence of DABCOMD most
likely changed their peptidoglycan compaosition to aid in repelling andgirageagainst
this cationic antimicrobial, and this explains the shifting levels of cysteine and
homocysteine Box plots for four of the key identified metabolites that play a role in
strengthening the bacterial membrane against DABCOMD are shownure Bif ad.
Note that the widest ranges of fold changes were generally observed for mutant mid log
data, which is as expected if multiple mutations are occurring.

The synthesis of extra components for the peptidoglycan layer in the mutant

would be expected to be energetically costly for the mutant bacteretate, an energy
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related metabolite associated with pyruvate and the citric acid cycle, had a lower
concentation in the mutant than the wild typ8pent energyelated metabolites such as
NAD* and AMP, on the other hand, were present in higher concentrations in the mutant
than in the wild type Likely components of both the citric acid cycle and aminoacy!l
tRNA biosynthesis showed statistically significant changes in the concentrations of
metabolites in both the mid log and stationary pha$és. mutank. coli most likely
required more energrielated metabolites, yet they were still able to compensatedior th
mutations and obtain the same growth density and comparable growth curves as the wild
type. Box plots showing fold changes and fold change range comparisons for example
metabolites wild type and mutalit coliare shown in Figre2.6 e-g. The increasd
energetic costs incurred by the mutant is evident in the figure.

Quaternary ammonium antimicrobial compounds induce the formation of a hole
in the bacterial membrane (Sreeperumbuduru et al. 2016; McDonnell and Russell 1999;
Jiao et al. 2017)The DABCQMD studied here, which bears multiple quaternary
ammonium groups per macromolecule, is a particularly effective quaternary ammonium
antibacterial agent because the dendrimer framework brings multiple cationic groups into
close proximity and thereby enfoscenultiple simultaneous cation/membrane
interactions at the cell surfac&he results of thiSH NMR metabolomics study reveal
thatE. coligrown in the presence of DABCOMD show a significant increase in
metabolites most likely associated with peptidogtycomponent synthesis, which is

critically important for strengthening the bacterial membraDleanges in energy related
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pathways were also observed, indicating that the mutated bacteria were required to work

harder in order to maintain the same leveuiction as wild typed=. coli.
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Conclusion

Novel antimicrobials are needed to combat the increasing occurrence of antibiotic
resistant bacteria, and multivalency has been shown to improve the effectiveness of
antimicrobial compounds. NMR metabolomics is a reliable and quantitative method to
study he effect of antimicrobials on bacterial biochemical pathways. Here, NMR
hydrophilic metabolomics was used to study the metabolic changes associated with

mutation oft. coliby DABCOMD, a multivalent quaternary ammonium compound.
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Mutated and wild type sartgs were easily separated by hierarchical clustering, PCA and
sPLSDA analyses. Common components of energy pathways and peptidoglycan
synthesis were found to have significantglues and fold changes when comparing the
wild type E. coli to the mutatedE. coli in both the mid log and the stationary phases
Lysine, an amino acid commonly associated with decreasing the effectiveness of cationic
antimicrobials, was found to have a higher concentration in the mutant than in the wild
type. The mutatel. coliaso had a 250ld increase iN-acetylglucosamine (a major
component of the peptidoglycan) during the mid log phase. Overall, the NMR
hydrophilic metabolite data indicates tliatcoli are most likely altering their
peptidoglycan composition to protect ith@embranes from the large positive charge

found on the multivalent &DABCO and mannose functionalized PAMAM dendrimers.
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CHAPTER THREE

NMR HYDROPHILIC METABOLOMIC ANALYSIS OF BACTERIAL RESISTANCE
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AND UNCHALLENGED WILD TYPE AND MUTATED GRAM-POSITIVE

BACTERIA
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MT, 59717 USA

Abstract

Multivalent membrane disruptors are a relatively new antimicrobial scaffold that
are difficult for bacteria to develop resistance to and can act on bothpgstive and
gramnegative bacteriaProton Nuclear Magnetic Resonanéd NMR) metabolomics is
an important method for studying resistance development in bacteria, since this is both a
guantitative and qualitative method to study and identify phenotypes by changes in
metabolic pathwaysln this project, the metabolic differences between wild agllus
cereus(B. cereuspamples and®. cereughat was mutated through 33 growth cycles in a
nortlethal dose of a multivalent antimicrobial agent were identifieok. additional
comparison, samples for analysis of the wild type and mutated strddnsereuswere
prepared in both challenged and unchallenged conditir@.s-DABCO
(1,4-diazabicycle2,2,2octane) and mannose functionalized poly(amidoamine)

dendrimer (DABCOMD) was used as the multivalent quaternary ammonium
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antimicrobial for this hydrodpilic metabolic analysisOverall, the study reported here
indicates thaB. cereusare likely changing their peptidoglycan layer to protect
themselves from the highly positively charged DABCOMLhis membrane fortification
most likely led to the slow gkvth curve of the mutated and especially the challenged
mutant samplesThe association of these sample types with metabolites associated with
energy expenditure is attributed to the increased energy required for the membrane
fortifications to occur as Wieas to the decreased diffusion of nutrients across the mutated
membrane.
KeywordsMetabolomics; Quaternary ammonium compounds; Nuclear magnetic
resonance; Dendrimers; DABCO; Antibiotic Resistance; GParsitive Bacteria

Bacillus cereusB. cereusMembrane Disruption

Introduction

The number of bacteria that develop resistance to known antibiotics is rapidly
increasing. Antibiotic resistant bacteria are a universal health concern, especially since
the majority of bacteria in hospitals are already resistant to at least one class of
antimicrobial (Mintzer et al. 2011; Alanis 2005; Hoerr et al. 2016; GonBd#e 2017;

Todar 2012). The number of new antibiotics being developed every year decreases due
to the challenges of effectively dispatching both antibiotic resistant bactdrreoaal
infectious bacteria. Both granegative and grafpositive bacteria have become drug
resistant (Hoerr et al. 2016). Therefore, synthesizing an antimicrobial that works on both

gram negative and grapositive infectious bacteria would be preferred.
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Bacillus cereugB. cereu}is a grampositive bacterium that infects humans and
is an appropriate bacterium on which to conduct antimicrobial studies (Bundy et al. 2005;
Kilcullen et al. 2016). Humans encounBercereughroughout the environment, éithis
strain of bacteria has been shown to produce a variety of compounds toxic to humans
(Kilcullen et al. 2016; Todar 2020; Bottone 2010; Ceragioli et al. 20B0Fereusan
lead to a variety of infectious outcomes ranging from food poisoning tariatangitis,
with food poisoning comprising the majority of infections (Bundy et al. 2005; Todar
2020; Bottone 2010; Ceragioli et al. 2010). It also has a short generation time, is easily
mutable, has high mutation rates, and has a wide body of prearcbsreports (Ceragioli
et al. 2010; Bundy et al. 2005; Kilcullen et al. 2016; Bottone 2010). Mutations in
B. cereugthat result in antibiotic resistance occur in the usual ways; randomly occurring
genetic mutations, horizontal gene transfer, fortifaratf the cell wall (alterations in
composition of the peptidoglycan layer), changes to the efflux pumps, and antibiotic
degrading or altering enzymes (Humann and Lenz 2009; Martinez and Baquero 2000;
Shepherd and Ibba 2013; Xu et al. 2006; Todar 2020ameanand Matic 2006;
Anderson et al. 2012). Bacteria are proficient at DNA uptake from the environment, viral
phage DNA injection, and bacterial plasmid swapping resulting in horizontal gene
transfer. Antibiotic resistant bacterial communities can pra@een distantly related
antibiotic susceptible bacteria from antibiotics (Perlin et al. 2009).

Fortification of the bacterial cell walls is a common mutation which results in
changes to the composition of the peptidoglycan layer since a significantity)o&

antibiotics must pass through the cell wall for the antibiotic to be effective (Nikolaidis et
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al. 2014; Shepherd and Ibba 2013; Zhao et al. 2018; Xu et al. 2006; Anderson et al.
2012). The pentapeptide side chains linkeN-&acetylglucosamine an
N-acetylmuramic acid in the peptidoglycan are responsible for crosslinking (Anderson et
al. 2012; Shepherd and Ibba 2013; Schleifer and Kandler 1972; Nikolaidis et al. 2014;
Vollmer et al. 2008). Changing the composition of the pentapeptide side hains
relatively easy way for bacteria to attempt to repel environmental stressors, such as being
grown in the presence of an antimicrobial
permeability, charge ratios, and patterns of noncovalent intera¢#onerson et al.
2012; Shepherd and Ibba 2013; Nikolaidis et al. 2014). Products from amttieBiéy!
biosynthesis can be diverted away from protein synthesis and toward peptidoglycan
synthesis when alterations to the pentapeptide side chain wouldddiéonal
protection against antimicrobials (Shepherd and Ibba 2013). Glycine, for example, is
involved in the crosslinking of the pentapeptide side chains of the peptidoglycan
(Shepherd and Ibba 2013; Hammes et al. 1973), and a decrease in crodstinkiegn
shown to decrease overall bacterial survivability (Loskill et al. 2014). In addition, when
alanine is converted to lactate in the pentapeptide side chain that truncatesldhe D
D-ala tail, and resistance to vancomycin occurs (Anderson etld#l).2Qysine is a
positively charged amino acid that is incorporated into the pentapeptide side chain to
create a greater overall positive charge, which can aid in repelling positively charged
antimicrobials (Shepherd and Ibba 2013). Thus, changing hydbopty, charge,
permeability, rigidity and crosslinking by switching componenthepentapeptide side

chan have been shown to increase bacterial survival (Loskill et al. 2014; Shepherd and
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Ibba 2013; Humann and Lenz 2009; Anderson et al. 2012).eThetations have been
shown to increase bacterial resistance to antimicrobial agents, thus decreasing the
availability of effective antibiotics to treat infections (Martinez and Baquero 2000;
GonzalesBello 2017; Anderson et al. 2012).

It is of the upmosimportance to develop innovative antibiotics based upon new
scaffolds such that resistant and novel bacteria are less likely to have automatic
resistance, or develop resistance upon exposure, in comparison to conventual antibiotics.
One way to increaséé¢ potency of an antibiotic is by using a multivalent framework
such as a dendrimer, which can serve as a multivalent delivery agent by presenting a
concentrated dose of the antibiotic. Dendrimers can moreover interact with multiple
cellular receptors sinitaneously since multiple antibiotic units are bound to each
dendrimer (Paleos et al. 2010; Lu and Pieters 2019; Cloninger 2002; Mintzer et al. 2011).
The multivalent presentation can lower the total requisite concentration of antibiotic since
dendrimershave increased local concentrations of the antimicrobial endgroups relative to
the monomeric antimicrobials (Wolfenden et al 2015; VanKoten et al. 2016; Andre et al.
2001). Dendrimers are attractive scaffolds to use for multivalent antimicrobials because
a plethora of antibiotic types can be readily attached to the scaffold in a variety of
densities, and the size of the dendrimer can be systematically altered by varying the
dendrimer generation (Mintzer et al. 2011; Paleos et al. 2010; Vembu et alC2@bet
al. 2000; Lu and Pieters 2019). The poly(amidoamine) (PAMAM) dendrimers used in

this report can be functionalized with multiple units of amino acids, antibiotics,
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carbohydrates, and other bioactive assemblages (Cloninger 2002; Andre et al. &001; R
2003).

Carbohydrate functionalized PAMAM dendrimers have been previously shown to
act as antimicrobial agents (Roy 2003; Andre et al. 2001; Chabre and Roy 2008; Mintzer
et al. 2011). Further functionalization of glycodendrimers with antibiotic nesiéths
been shown to increase the effectiveness of the antibiotics relative to their monomeric
counterparts by increasing activity and/or making it more difficult for the bacteria to
develop resistance. In addition, the carbohydrates can increasethensyst s ol u b i
(GarciaGal | ego et al . 2017; Wro@&ska et al

Quite a few of the conventual small molecule inhibitors target one pathway and
require specific substrate binding affinity. Therefore, if the bectem alter that specific
binding interaction, they develop (or start to develop) resistance (Mintzer et al. 2011,
Hurdle et al. 2011). An advantage of some membrane disruptors is that the antibiotic
does not have to be taken into the cell (Hurdle &Qdl1) where it could be degraded,
pumped out, or sequestered. Causing membrane disruption while presenting a
multivalent barrage makes it unlikely that the bacteria can quickly and effectively
develop resistance, since they would have to change theibraeento such a degree that
it would entail numerous mutations (Chamorro et al. 2012; Hurdle et al. 2011; Pieters et
al. 2009). An added befit of membrane disruptors is that they also cause energy and
nutrient disruption since they damage the membranénainde membrane rigidity

(Hurdle et al. 2011).

it
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Quaternary ammonium compounds (QACs) are common membrane disruptors.
QACs have a positively charged ammonium group that is attracted to the bacterial
phospholipid membrane, enabling membrane disruptiofoatysis (McDonnell and
Russell 1999; Mintzer et al. 2011; Sreeperumbuduru et al. 2016; Jiao et al. 2017). QACs
are used as common surfactants and disinfectants (Engel et al. 2011; McDonnell and
Russell 1999; Mintzer et al. 2011; Sreeperumbuduru e0&6;2Jiao et al. 2017); the
QAC of interest in this study is tdiazabicycle2,2,2octane (DABCO) (Pokhrel et al.
2004) with an attached ddarbon alkyl chain (&-DABCO). DABCO Kkills both gram
positive and negative bacteria (Sreeperumbuduru et al. 2@l8)ultivalent display of
C1e-DABCO was appended to the mannosides on a mannose functionalized PAMAM
dendrimer (DABCOMD) to create a multivalent antimicrobRib(re 3.1 (VanKoten et
al. 2016). DABCOMD presents multiple positively charged units arslusad against
both gram positive and granegative bacteria to ascertain the minimum inhibitory
concentration (MIC) by VanKoten et al. in his 2016 study. After the MIC study was
completed for 33 growth cycles, DABCOMD was f@0d more potent again&. cereus
than its monomeric £-DABCO counterpart. After the MIC studB, cereusecame
very resistant to monomeric antimicrobials such as ampicillin and monomeric DABCO,
but MIC values for multivalent DABCOMD remained relatively unchanged (VanKoten
et al.2016). TheB. cereusample arising after 33 growth cycles was collected and
labeled as mutant (Mut) for metabolomic resistance pathway analysis. The mutant was
compared to the wild type (WT, commercially available bacterial stock that was used to

startthe MIC study) using nuclear magnetic resonance (NMR) hydrophilic metabolomics



60
to better understand wiB. cereusvas unable to develop protective resistance against
DABCOMD over the 33 growth cycles of the MIC study. A DABCOMD challenged
(denoted Mut Dor WT D) sample set of all sample types was also conducted by
including a small amount of DABCOMD in the growth media while the samples were
grown for sample collection. The unchallenged sample sets did not have anything added
to the growth media (Fige3.2). With the challenged and unchallenged sample
comparisons, we could compare how the mutant and wild type samples respond to being
grown in an annoying but unlethal amount of DABCOM® summary of the sample
sets that were used for this study, andatblereviations that are used throughout the

manuscript, are provided in Table 1.
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Figure 3.1 C1s-DABCO Mannose Functionalized Dendrimer (DABCOMD) Structure

Metabolomics, or the study of the small molecule biochemical byproducts of
cellularmetabolism (metabolites), is both a quantitative and qualitative method that can
be used to compare two or more sample types by analyzing differences in their metabolite

composition and concentration (Barding et al. 2012; Dettmer et al. 2007; Wishart 2008;
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Turkoglu et al. 2019; Lammerhofer and Weckwerth 2013; Lindon et al. 2007).
Metabolomic profiling enables the study of the interrelationship between an organism
and its environment by measuring the mutations that occur as well as the changes to the
organe m6s met abolic pathways that are incurre
et al. 2012; Dettmer et al. 2007; Hoerr et al. 2016; Lammerhofer and Weckwerth 2013;
Lindon et al. 2007). Metabolomics studies have been used in applications including to
detemine phenotypes, distinguish biomarkers for diseases, and study biofilms and other
environmental factors effecting organisms, because they change rapidly with response
environmental changes. (Shulaev 2006; Barding et al. 2012; Hoerr et al. 2016;
Tautenhah et al. 2012; Turkoglu et al. 2019). Untargeted metabolomics can give a more
complete picture of the mutated pathways involved in an altered metabolism than a
targeted approach, since unexpected changes frequently occur in nature (Tautenhahn et
al. 2012) NMR is a quantitative and reliable technique that has been used to study the
differences between a wild type and mutated metabolism for over 40 years, because it is a
nondestructive method that does not require separation of metabolites and is dapable o
observing certain molecules (sugars, amines, nonreactive species, etc.) more readily than
mass spectrometry (Wishart 2008; Hoerr et al. 2016; Dettmer et al. 2005; Tautenhahn et
al. 2012; Turkoglu et al. 2019; Ammons et al. 2014). Here, we report ageteth
proton ¢H) NMR hydrophilic metabolomics study that was used to observe metabolomic
pathway alterations that occurred upon exposui cereugo the multivalent

antimicrobial agent DABCOMD. The goal of this study was to obtain an increased
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compehension of important mutations and major resistance strategies epgsitive

bacteria upon exposure to multivalent cationic antimicrobial compounds.

Table3.1. Sample sets used in this study.

Sample Group ! Abbreviation
Wild Type Mid Log WT ML
Wild Type Stationary WT S
Wild Type DABCOMD Mid Log WT D ML
Wild Type DABCOMD Stationary WTDS
Mutant Mid Log Mut ML
Mutant Stationary Mut S
Mutant DABCOMD Mid Log Mut D ML

1The colorcoding of the sample sets shown here is tisemighout this manuscript.

Materials and Methods

Samples

FDA strain PC1 218B. cereugATCC 11778) was used for all the wild type (WT)
samples and was mutated in the presence of DABCOMD as previously described in
VanKoten et al. 2016 to create the mutant (Mut) sampleshallenged samples of both
WT and Mut bacteria were grown in BrodauBller Hinton 1l Media (BMHII), the
chall enged samples (WT D and Mut D) were g
DABCOMD added to the media (this is 3@of the MIC valugVanKoten et al. 201).
All other procedures were the same between the two grdupse were eight different
sample types: unchallenged wild type mid log phase samples (WT ML), challenged wild
type mid log phase samples (WT D ML), unchallenged wild type stationary phase

(WT S), challenged wild type stationary phase ('¥), unchallengechutant mid log
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phase (Mut ML), challenged mutant mid log phase (BML), unchallenged mutant
stationary phase (Mut S), and challenged mutant stationary phase (Mut2Dd8jailed
description of how the samples were grown, collected, and standasljzextided in
Appendix Bthe Supplementary Materialé\ visual overview for the procedures is

shown in Figures.2.

Acetone

Hydrophilic
Metabolite
Samples

N
Acetone I reupltal.eld
Precipitation Hydrophilic
Metabolite

Samples

N::: Log Hydrophilic
25¢ ] sample | Cell Pellet | Metabolite
Collecti Samples “xtracti
Stationary oflection amples Extraction
Phase

Figure 32. Overview of the protocol from the start of the cultures to the hydrophilic
metabolite samples ready to be pelleted, frozeB(a®C, and put in NMR buffer. The
processes for unchallenged and challenged samples are the same except for the inclusion
of DABCOMD in the challenged sample media.

Metabolite Extraction Procedures

Note: All H-O used was Millipore and all reagents used were cold (kept in the

refrigerator).

Hydrophilic ExtractionSample cell pellets were thawed on ice and in glass test

tubes.Met hanol (800 e€L) and Millipore water (.
andthe samples were vortexe@he sonicator was used on each test tube for &tasn
followed by vortexingAf t er chl oroform (800 L) and Mil
added to each test tube, they were vortexed and incubated for dtesomice. The

sanples were centrifuged for 15 mitesat 3,500 rpmsAfter the aqueous layer was

pipetted into a sterile Eppendorf tube, the samples were dried on a speed vabeum.
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hydrophilic pellets were frozen &0 °C (Aries and Cloninger 2020; Ammons et al. 2014

and 2015 and references therein).

Acetone Precipitatioffhe frozen metabolite pellets were thawed on RgO

(250 e€eL) and 1,250 €L acetone were added t
at-80°C. The pellets were thawed on ice, causing theimecome cloudy with

precipitated proteinsAfter the samples were thawed, they were centrifuged for

30 minutesat 2,000 rpms.The liquid was pipetted into capped Eppendorf tubes, and the
protein pellet was discarded speed vacuum dried the samples, and the resulting

hydrophilic pellets were frozen &0 °C (Aries and Cloninger 2020; Ammons et al. 2014

and 2015 and references therein).

NMR Sample Preparation

Note: NMR grade RO was always used.

NMR Buffer Preparatiommidazole (27.230 g) was added to 4.0 mL e©Do
make an imidazole stock solution. A DSS stock solution was created by addingr#l.23
of 3-(Trimethylsilyl)propanel-sulfonate sodium salt (DSS) to 4.0 mL of@ A sodium
phosphate buffer stock solutigras made by adding 0.345 g Nd&yH-0, 0.355 g
NaHPQ4 (anhydrous) and 0.040 g Nabd 5.0 mL of DO. The stock solutions of
imidazole (60 pL), sodium phosphate (1,500 pL), and DSS (300 pL) were added to
28,140 pL of DO to create a 30 mL 4@ buffer soluion (Aries and Cloninger 2020;

Ammons et al. 2014 and 2015 and references therein).
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Sample Preparatiaddetabolite samples were prepared by taking the cell pellets

obtained after acetone precipitation, placing them on ice, and adding 700 pL of the NMR
buffer. The mixture was vortexed and transferred to capped glass NMR tube.
AppendixB the Supplementary Merials contain additional details regarding sample

preparation.

Data Acquisition

Spectra were collected for each hydrophilic metabolite sample by using Topspin
software (Bruker version 3.6) with a Samplé¥detutomatic sample loading system on a
Bruker Avancelll 600 MHz NMR equipped with a 5 mm triple resonanti¢, ¢°N, 1°C)
liquid-helium cooled TCI NMR CryoProbe at 298 KA. Bruker-supplied excitation
sculpting(EShased 6zgesgpb6 pul se s éNMBspectra wa s
for all samples.All the NMR spectra were recorded usintHaspectral window of
7211.538 Hz, 256 scans, 64K data points and a dwell time interval of @&8detween
points, resulting in a spectrum acquisition time of 4.5A secovery delay (D1) time
betweeracquisitions of 2 s was used, amounting to a total relaxation recovery time of
6.5s between scan®\ Fourier transformation was used on the spedt# and DSS

resonances were used to phase the spectra.

Data Analysis
Chenomx NMR Suite 8.4 softwa(€henomx 2020)was used to profile the

spectra.The identity and concentration of the metabolites in each sample were obtained

us

by using Chenomx profilerés |list of metabo

Chenomx is unable at this point to ideyt#ll peaks observed in the NMR spectide
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constant sum method was used to standardize the concentrations of the metabolites
identified in each samplg&Emwas et al. 2018)The concentration of each individual
metabolite was divided by the total concatibn of all metabolites measuredhis
method works on the premise that the concentration of each individual metabolite
changes relative to the concentration of the total sa(Bphevas et al. 2018)XLSTAT
hierarchical clustering, principal componenadysis (PCA) and PCA biplot were used to
analyze the standardized metabolite concentrations for each q@wmgiesoft 2021) A
comma delineated form (CSV) of the standardized metabolite data were uploaded to
MetaboAnalyst 5.0 for statistical analy$iang et al. 2021 and references therein).
MetaboAnalyst 5.0 was used to generate volcano plots, 2D and 3D sparse patrtial least
squares discriminate analysis (sPDB&), orthogonal partial least squares discriminate
analysis (ortho PL®A), Pattern Hunter ahPLSDA very important features (VIP) data
to determine correlations, and statistical significance of observed metabolite changes in
each sample type. PCA, 2D and 3D sHLA, ortho PLSDA were used to identify
outlier samples, demonstrate sample separasind identify metabolite correlations to
sample typesVolcano plots were used to determine which metabolites had significant
fold changes and-palues (0.5 or less)), while pattern hunter was used to ascertain
correlations between the metabolites inhepaired sample typelhe metabolites that
were determined to be statistically significant were uploaded into the MetaboAnalyst
Pathway Analysis tool and KEGG pathwditenehisa and Goto 2000 and references

therein) All these statistical analyses were used in conjunction to ascertain the most
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probable metabolomic pathway changes that occurred in the mutant samples and with the

DABCOMD challenged sample types.

Results

'H NMR spectra were obtained for the eight sample types listed in F4dble
Chenomx NMR Suite 8.4 software was used to profile #dddMR spectrum to obtain
the identity and concentration of the metabolites found in each saMptaboAnalyst
5.0 was useé for 2D and 3D sPL®A, ortho PLSDA, and PCA to eliminate outliers in
each sample typeOutliers were apparent as they did not cluster with the rest of their
group. The unchallenged wild type mid log and stationary phases had five nonoutlier
samples;iie DABCOMD challenged wild type mid log phase had six nonoutlier samples;
the DABCOMD challenged wild type stationary phase had five nonoutlier samples; the
unchallenged mutant mid log phase had seven nonoutliers; the unchallenged mutant
stationary phasedd five nonoutlier samples; the DABCOMD challenged mutant mid log
phase had six nonoutlier samples; and the DABCOMD challenged mutant stationary
phase had seven nonoutlier samples.

The metabolite identities and concentrations obtained from Chenomx NMR Suit
8.4 Software were input into XLSTAT Hierarchical Clustering with all sample types or
with the following smaller groups of sample sets: mid log phase, stationary phase,
challenged samples, and unchallenged sampeSTAT Hierarchical Clustering of all
the sample types showed that WT ML and WT D ML were clustered together, Mut D S
and WT D S were clustered together, and all other sample types were separated

(Figure3.3). Clustering of WT ML and WT D ML, and clustering of Mut D S and WT D
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S, was also obseed in smaller groupings as showrAppendixFigureB4 of the
Supplementary Materialdierarchical Clustering of the unchallenged samples showed
complete separation of all sample typ&pgendixFigureB4 of the Supplementary

Materials).
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Figure 33. HierarchicalClustering showing that WT ML and WT D ML cluster together,
WT D S and Mut D S cluster together, and all other sample types are separate. Full
names of sample groups are given in T&dle

XLSTAT and MetaboAnalysb.0 multivariate statistical analyses, PCA biplots,
2D and 3D sPL®A, and ortho PLDA were used to determine the statistical
significance for each metabolite, the metabolite to sample correlation, and sample
clustering. Figure3.4 shows the 2D sPL-BA for all the samples together (a), only the
mid log phase samples (b), only the stationary phase samples (c), only unchallenged

samples (d), only the DABCOMD challenged samples (e), and orthé>PLf6r all the
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samples together (fi3D sPLSDA plots are povided inAppendix Bthe Supplementary
Materials. Figure3.4a shows the overlap of samples when all samples are plotted
together. The observed overlap is likely due to the greater difference between mid log
phase samples; because the stationary phaggesaane more similar, they cluster
together in plots that include the mid log pha$kerefore, the data was also observed
using the smaller groups shown in FiguBetb-e containing the comparison sets listed
above to render the differences between satypes more readily observable.

When only the mid log phase samples are plotted, the wild type samples (WT ML
and WT D ML) had a small overlap while the mutant samples had a large separation
(Figure3.4b). This is due to the challenged and control wylpe samples being more
similar to each other, while the mutant samples were more different in the presence of
DABCOMD than when they were unchallenge&s expected, WT D S clusters between
WT S and Mut D S, whereas Mut S clusters farther away (Fydeg. Figure3.4d
indicates that the wild type samples (WT ML and WT S) are similar to each other,
whereas the mutant sample types (Mut ML and Mut S) are significantly different from
each other, causing the wild type samples to clustigure3.4e showstiat WT D S and
Mut D S cluster closer together than the mid log phase samples, but sample overlaps were
not observed Ortho PLSDA uses component one as a predictor of class, and component
two is the variation perpendicular to the first compondiiite olservable separation is
improved when all of the sample types are plotted together using orthD RIS ative

to 2D sPLSDA (Figure3.4f). In addition, complete separation of the smaller sample
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groups shown in Figures4b-e was observable when ortho RD@ was used (graphs

are available i\ppendix Bthe Supplementary Materials).
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Figure3.4. 2D sPLSDA (a) Contains all sample types: showing overlap of WT ML with
WT D ML, the overlap of all stationary phases, Mut Miséparateand Mut D ML is
separate.l) Contains only mid log samples: showing slight overlap of WT ML with WT
D ML and completeseparatiorof Mut ML and Mut D ML. () Contains only stationary
phase samples: showing slight overlap of WT D S and Mut D S, and complete separation
of WT S and Mut S.d) Contains unchallenged samples: showing a complete separation
of Mut ML and Mut S samples and ® 2verlap of the WT ML with WT S (overlap not
present in the 3D plot (Fig. S7d)g) Contains only DABCOMD challenged samples:
showing complete separation of all sample typ@<2[d ortho PLSDA containing all

sample types: demonstrates the greateseedeagfrseparation with all sample types
together, with only an overlap of the oval of WT ML with the oval of WT D ML, and a
overlap of the oval of Mut D S with the ovals of WT S and Mut ML.
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Figure3.5 shows the PCA plot of sample separation when all thelssnare
plotted together, accounting for 43.22 % of variatidhe percent variation indicates that
only the first two components are needed for analysssexpected from the hierarchical
clustering (Figure3.3), WT ML and WT D ML cluster together itn¢ PCA plot, as do
WT D S and MuD S. In addition, the PCA plot shows overlap of all stationary phase
clusters. The observed overlap of stationary phase clusters is due to the greater
difference in the sample sets from the mid log ph&searticularthe two mutant
sample types Mut ML and Mut D ML are sufficiently separated to cause the stationary
phases to cluster closer together by comparidtme corresponding metabolites are also
plotted in Figure3.5. For example, Nacetylglucosamine, a peptiglpcan component,
can be seen to have the strongest correlation to the DABCOMD challenged mutant mid
log phase sample type due to its significantly higher concentration in that sample type.

PCA biplots showing only the mid log phase (Fig8r@a) or the sdtionary phase
(Figure3.6b) were quite useful to show sample type and metabolite cluste3inge the
first two components account for 63.23 % and 51.56 % of the variance for mid log and
stationary phase data comparisons, respectively, only the fostamponents are
needed for analysigrigure3.6a shows a slight separation between the challenged and
unchallenged wild type samples (WT D ML and WT ML, respectively) and a large
separation between the mutant sample types Mut D ML and MutWthen considering
metabolites, Nacetylglucosamine, for exaie, is indicative of the mutants because it
can be seen between Mut ML and Mut D ML and is the most indicative of the

DABCOMD challenged mutant mid log phase sample type because it is closest to this
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sample cluster (Figur@.6a). Figure3.60 shows comple separation of all stationary
phase sample types, with WT D S and Mut D S being clustered the closest.
N-acetylglucosamine is closest to the mutant stationary phase cluster, indicating that this

compound is most indicative of this sample type in thiostary phase.
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Figure 3.7 shows the PCA biplot for (a) only unchallenged sample types and (b)
only DABCOMD challenged sample types, accounting for 50.73 % and 60.77 % of the
variance, respectively. Again, only the first two components are needed for analysis.
Figure3.7a shows complete separation of sample types (WT ML, WT S, Mut ML and
Mut S) and reveals the metabolites that are most closely associated with each sample type.

For example, Nacetylglucosamine is located between the mutant sample types
but is located closer to thelWIML sample type than the Mut S sample typéis
indicates that Nacetylglucosamine is important and in higher concentrations in both
mutant samples in comparison to the wild type sample types, but this metabolite is the
most indicative of the Mut ML saple type. Figure3.7b shows the overlap of the two
stationary phase DABCOMD challenged sample types, indicating that the mutant and
wild type samples are more different in the mid log phase and more similar in the
stationary phaseOne reasonable explation for this observation is that the organisms
have settled into similar stationary phases as they have adjusted to the low levels of

DABCOMD present in the media.
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The metabolite identities and concentrations were entered into MetaboAnalyst 5.0

to create volcano plots of all the metabolites for pairs of sample types (Shown in
AppendixFiguresB8 andB9 of the Supplementary Materialsfhe volcano plots reveal

metabolites with a{value of 0.05 or less and a fold change of 1.25 or mbhe.

volcano plots when comparing sample sets in the mid log phase, showed that the WT ML

and WT D MLsample types are the most similar, whereas Mut ML and Mut D ML
sample types show significantly more differences from each o@wee. possible
rationale for this is that the mutants are reacting more to the low concentrations of
DABCOMD in the media tharhe wild type, which are experiencing DABCOMD for the
first time. The volcano plots using stationary phase samples overall showed less
differences between sample setdiis is as expected since the samples should logically
show more of a difference in the growth phase, where the bacteria need to accomplish
more tasks tgurvive.

Very important featurescores or variable importance projectionglP) in
conjunction with other statistical analyses such as PCA biplots, volcano plots, pattern

hunter and pathway hunter were used to generate TaB8sl1 showing importanand

statistically significant metabolites between paired sample types for easier analysis of the

significant differences and to display the most likely pathways where the metabolite
changes occurred?attern Hunter was used to check the correlation cétabolite with

the other metabolites found in the same pathwhg.metabolite did not correlate, it was
not listed in that pathwayUracil and aspartate were listed in the alanine pathway only if

pattern hunter showed a correlation between alanin¢éhasd amino acidst{own in
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Appendix Bthe Supplementary MaterialsBetaine is shown in the glycine pathway only
if pattern hunter showed a correlation between betaine and glghm&r( inAppendix B
the Supplementary MaterialsMetabolites found todin and correlating to more than
one pathway are shown in multiple pathways, since those metabolites are probably being
used in multiple pathways.

Tables3.2-3.11 showpairs of sample groups for mid log and stationary phase
data. Pathways involving botenergy and peptidoglycan synthesis are presiemt.
in-depthdiscussion of the results shown in Tal8e%3.11 is provided in théollowing
sections.Additional tables are provided in the Supplementary Materials, and a discussion
of the implications ariag from the broad trends observed when all sample sets are

considered is provided in the discussion section.

Unchallenged Mutant versus Unchallenged Wild Types and
Challenged Mutant versus Challenged Wild Types Comparisons

Tables 3.23.5 provide the comparisons betweenrthdantandwild type and
also between thBABCOMD-challengedandunchallengedample types Statistically
significant pvalues and fold changes in metabolites commonly found in cell membrane
composition ad energy production pathways were observed when comphasg
sample types. Components of peptidoglycan synthesis had very large fold change
differences. When comparing Mut ML to WT ML;&tetylglucosamine had a 63fdd
increase in concentration ihe Mut ML sample type. Comparing Mut D ML to WT D
ML, there was a 94-fold higher concentration in the Mut D ML sample type. In the
stationary phase, the fold change difference -@fcsitylglucosamine was lower but was

still very high between the mutanand wild types, with Mut D S having a 19cid
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increase and Mut S having a 48old increase in concentration when compared to their
wild type counterparts. Mut ML displayed a -fold increase in lactate and a 3did
increase in betaine when compato WT ML and correlated with glycine, methionine,
cysteine, and N acetylglucosamine. When comparing Mut D ML to WT D ML, there
was not a significant change in betaine, but significant changes in the concentrations of
aspartate, cysteine, homocysteimethionine (VIP), and serine were observed and
correlated with each other, cystathionine andddtylglucosamine. Mut S had a-20id
decrease in betaine (VIP) and a-fbftl in-crease in lysine concentrations when
compared to WT S. Glycine (VIP) and tathionine were in higher concentrations,
whereas glutamine and alanine were found in lower concentrations in Mut D S, when
comparted to WT D S. Nucleotide metabolism components in the mid log phase, such as
adenine, uracil and uridine had a decreasedargnation, while adenosine had a higher
concentration in the challenged mutant sample in comparison with the challenged wild
type sample. The same was true of the unchallenged mutant samples in comparison to
the unchallenged wild type samples, excephgea in uridine were not observed. In the
stationary phase, adenine and uracil were in higher concentrations in WT D in
comparison to Mut D, whereas adenosine and uracil were in a higher concentration in
WT in comparison to Mut samples. The aminoa&MA biosynthesis pathway in both
the challenged and unchallenged groups contained the largest number of metabolites with
different concentrations when comparing the mutant samples with the wild type samples.
A likely explanation is that aminoacyRNA biosynthesis products were being diverted

to peptidoglycan synthesis, since DABCOMD is a cationic quaternary ammonium
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compound that causes a hole to form in the membrane. It is interesting to note that, when
comparing the differences between WT and Mut to WanB Mut D, the same pathways
undergo mutations, except that betaine (involved in glycine and methionine metabolism)
did not change significantly in the DABCOMD challenged samples. However, betaine
can be used to make a variety of metabolites in metreanigtabolism that did show
significant changes such as serine, cystathionine, cysteine, homocysteine, and
methionine, as well as glycine and pyruvate. The challenged sample type comparisons
(Mut D and WT D) had a greater number of changes in concentadtionre
metabolites than the unchallenged sample types (Mut and WT). This is reasonable since
betaine would be expected to be converted and consumed to make more of the metabolite
differences observed in the challenged mutant samples. Challenged santaigs had
many significant increases in the concentrations of metabolites closely correlated with
betaine, in comparison to the unchallenged mutant samples. More research is needed to
determine what additional pathway changes may be causing the loetageatration
changes.

The DABCOMD challenged samples (Mut D vs WT D) showed changes in a
greater number of metabolites per pathway, when compared to the unchallenged samples
(Mut vs WT). When comparing Mut ML to WT ML and Mut D ML to WT ML, energy
related metabolites found in the citric acid cycle and pyruvate metabolism, such as
fumarate, isocitrate, succinate, formate and pyruvate, were found to be in excess in the
mutant sample types. Acetoacetate, the exception, was in excess in the wild type samples.

Energy metabolites such as AMP and NAD+ were in higher concentrations in both the
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challenged and unchallenged mutant sample types relative to their wild type counterparts
(6.8-fold and 37fold increases for AMP and NAD+, respectively, for Mut D ML relati
to wild type WT D ML). In the unchallenged samples, the mutant samples (Mut ML) had
a 12.3fold increase in NAD+ and a 9fbld increase in AMP concentrations when
compared the unchallenged wild type samples (WT ML). Thesease in the
concentratio of NAD+ in the challenged samples was observed in the stationary phase
as well.
Table 3.2Fold change of statistically significant metabolites in their corresponding

metabolic pathways for the mid log phase of mutant versus wild type.
Mut ML versus WT ML

Indicated Metabolite Fold Indicated Metabolite Fold
Pathway Change 12 Pathway Change 12
Acetoacetate N2.8 Alanine Uracil 4 NL.2
Citric Acid Fumarate 3 +4.9 Metabolism
ICI: clel Isocitrate +1.7 Nucleotide Adenine NL.5
4 NAD+ 3 +12.3 . Adenosine +2.9
. Metabolism , .
Succinate +1.4 Uracil 4 NL.2
Pyruvate Formate +1.7 AMP 3 +9.1
Metabolism Pyruvate +1.4 Glutamine 4 NL.6
Glutamine 4 NL.6 Amin | Histidine +6.2
Peptidoglycan Glycine 4 N2.2 tRON?:y ’ Isoleucine N4.6
Synthesis Lactate +1.7 . . Leucine  N3.4 (VIP)
. Biosynthesis .
N -Acetylglucosamine 3 +61.5 Phenylalanine N2.0 (VIP)
o Betaine4 +3.0 (VIP) Proline +1.8 (VIP)
Methionine . . N
. Cysteine +1.4 Tyrosine NL.5
Metabolism o N ) .
Methionine N2.6 Valine N3.8 (VIP)
Glycine Betaine4 +3.0 (VIP)
Metabolism

A positive fold change is indicative of a higher concentration in the mdfdr.

metabolites with VIP next to them were determined to be very important features by the
PSL-DA. 3These metabolites had concentrations lower than 0.01 for the sample with the
lowest concentratiorfThese metabolites are shown in multiple pathways where a
correlation was shown by Pattern Hunter.
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Table 3.3. Fold change of statistically significant melitgdmin their corresponding
metabolic pathways for the mid log phase of DABCOMD challenged mutant versus
DABCOMD challenged wild type.

Mut D ML versus WT D ML

Indicated Metabolite Fold Indicated Metabolite Fold
Pathway Change 12 | Pathway Change 12
Acetoacetate NL.6 Alanine Aspartate 4 +1.8
L Fumarate 3 +5.8 Metabolism Uracil 4 N7.7 (VIP)
Citric Acid . - N
Cvele Isocitrate +6.1 (VIP) Adenine N2.1
y NAD+ 3 +37.0 |Nucleotide Adenosine  +3.0
Succinate +2.2 (VIP) | Metabolism Uracil 4  N7.7 (VIP)
Acetate +1.3 (VIP) Uridine N4.4
Pyruvate - Q
. Formate +16.3 (VIP) Alanine 4 N2.1 (VIP)
Metabolism
Pyruvate +2.9 AMP 3 +6.8
Alanine 4 N2.1 (VIP) Aspartate 4 +1.8
) Glutamate 4 +1.7 (VIP) Glutamate 4 +1.7 (VIP)
Peptidoglycan . .
Svnthesis Glutamine 4 +4.1 (VIP) Ami | Glutamine 4 +4.1 (VIP)
y Glycine ¢ NL.6 rTSON?:y "~ Glycine 4 NL.6
N-Acetylglucosamine 3 +94.2 . . Histidine 3 +8.7
Biosynthesis ) .
Aspartate 4 +1.8 Isoleucine N5.5
- Cysteine +1.8 Leucine  NL1.3 (VIP)
Methionine ) _ .
Metabolism Homocysteine +2.7 Phenylalanine N4.0 (VIP)
Methionine N5.1 (VIP) Tyrosine N3.4
Serine +1.7 Valine NL1.2 (VIP)

A positive fold change is indicative of a higher concentration in the mdfdr.

metabolites with VIP next to them were determined to be very important features by the
PSL-DA. 3These metabolites had concentrations lower than 0.01 for the sample with the
lowest concentratiorfThese metabolites are shown in multiple pathways where a
correlation was shown by Pattern Hunter.
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metabolic pathways for tretationary phase of mutant versus wild type.

Mut S versus WT S

Indicated Fold Indicated Fold
Met lit Met lit
Pathway etabolite Change 12 Pathway etabolite Change ¢
" . Acetoacetate +1.8 Nucleotide Adenosine +3.2
Citric Acid . .
Cvele Fumarate 3 +8.9 Metabolism Uracil 4  +2.2 (VIP)
y NAD+ 3 +11.1 Alanine 4+ +1.4 (VIP)
Pyruvate Acetate NB.9 (VIP) AMP +3.3
Metabolism Formate N7.3 (VIP) Ami | Histidine 3 +21.6
Peptidoglvean Alanine 4 +1.4 (VIP) nl'giﬁfy ) Leucine +1.8
praog y. Lysine +2.9(VIP) . _ Phenylalanine +3.1 (VIP)
Synthesis ) Biosynthesis i N
N-Acetylglucosamine 3 +48.7 Proline NL.7 (VIP)
Glycine Betaine N2.4 (VIP) Tyrosine +1.7
Metabolism Valine +3.1 (VIP)

A positive fold change is indicative of a higher concentration in the mdfdr.

metabolites with VIP next to them were determined to be very important features by the
PSL-DA. 3These metabolites had concentrations lower than 0.01 for the sample with the

lowest concentratiofThese metabolites are shown in multiple pathways where a
correlation was shown by Pattern Hunter.
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Table 35. Fold change of statistically significant metabolites in their corresponding
metabolic pathways for the stationaryagh of DABCOMD challenged mutant versus
DABCOMD challenged wild type.

versus WT D S

Indicated Metabolite Fold Indicated Metabolite Fold
Pathway Change 12 Pathway Change ¢
Gitric Acid NAD+ 3 +13.5 Alanine Aspartate 45 +1.5 (VIP)
Cvele Isocitrate 5 NL.3 (VIP) | Metabolism Uracil 4 N3.0 (VIP)
4 Succinate NL.9 (VIP) | Nucleotide Adenine  NL.4 (VIP)
Pyruvate Acetate +1.3 (VIP) | Metabolism Uracil 4 N3.0 (VIP)
Metabolism Formate 5 +1.3 (VIP) Alanine 45 NL.2 (VIP)
Alanine 45 NL.2 (VIP) _ Aspartate 45 +1.5 (VIP)
- Aminoacyl - . N
Pentidoalvean Cystathionine +1.7 RNA Glutamine  N2.1 (VIP)
pudogly Glutamine 45 N2.1 (VIP) |_. . Glycine 4  +1.5 (VIP)
Synthesis . Biosynthesis )
Glycine 45 +1.5 (VIP) Leucines  +1.4 (VIP)
N-Acetylglucosamine 3 +19.4 Phenylalanine +1.5 (VIP)
Methionine Aspartate 45 +1.5 (VIP) Valine +1.7 (VIP)
Metabolism Cysteine NL.6

A positive fold change is indicative of a higher concentration in the mdfdr.

metabolites with VIP next to them were determined to be very important features by the
PSL-DA. 3These metabolites had concentrations lower than 0.01 for the sample with the
lowest concentratiofThese metabolites are shown in multiple pathways where a
correlation was shown by Pattern Hunt@hese metabolites do not have significant p
values, but they are VIPs.

Challenged Wild Type versus Unchallenged Wild Type
Comparisons

The sample comparison set that included the fewest observable changes was the
comparison between the wild type samples grown in the presence and absence of
DABCOMD, which is shown in Tables 3.6 and 3.Vhe main differences were an
increase iralanine, glutamate, and lactate concentrations, and a decrease in cystathionine
and glutamine. These metabolites are commonly found components of peptidoglycan
synthesis. Adding a small of amount of the DABCOMD to the wild type (which had
never been exgsed to DABCOMD before) likely caused enhanced mutations for

protection of their peptidoglycan layer through common substitutions to the pentapeptide
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side chains. The growth curves were gpanable for these two sample types (shown in
Appendix B the Suppimentary Information), again suggesting that although changes to
the peptidoglycan composition in response exposure to low levels of DABCOMD by the
wild type samples did cost some energy and cause some membrane disruption, dramatic
metabolic changes did hoccur. The only component of nucleotide metabolism that had
a significant observable change was the decreased concentration of uridine in the
challenged wild type samples in comparison with the unchallenged wild types in the
stationary phase. In theaibnary phase, the greatest number of observable changes were
in amino acids involved in aminoaefRNA biosynthesis, and changes in the
concentrations of metabolites involved in the same types of pathways (energy production
and peptidoglycan synthesis) were observed in the mid log phase.
Table 36. Fold change of statistically significant metabolites in their corresponding

metabolic pathways for the mid log phase of DABCOMD challenged wild type versus
unchallenged wild type.

WT D ML versus WT ML

Indicated Pathway Metabolite Fold
Change!2

Citric Acid Cycle Isocitrate -1.6
Pyruvate Metabolism Acetate -1.2 (VIP)
Aminoacyl -tRNA Alanine 3 + 1.3 (VIP)
Biosynthesis Glutamate? +1.2 (VIP)
Glutamine 3 - 3.5 (VIP)

Valine +1.2
Peptidoglycan Synthesis Alanine 3 + 1.3 (VIP)

Cystathionine -1.6
Glutamates +1.2 (VIP)
Glutamine 3 -3.5(VIP)

Lactate +2.8

A positive fold changés indicative of a higher concentration in the mutafihe

metabolites with VIP next to them were determined to be very important features by the
PSL-DA. 3These metabolites are shown in multiple pathways where a correlation was
shown by Pattern Hunter.
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Table 37. Fold change of statistically significant metabolites in their corresponding
metabolic pathways for the stationary phase of DABCOMD challenged wild type versus
unchallenged wild type.

WT D S versus WT S

Igglt(;;t/zs Metabolite Chzglg;je 12 Indicated Pathway Metabolite Ch;)l;e 2
Citric Acid . .
Cycle Succinate +3.0 (VIP) _ Alanine 4 +1.6 (VIP)
Pyruvate i Peptidoglycan
) Acetate NL.9 (VIP) Synthesis Glutamate 4 +1.6 (VIP)
Metabolism
Alanine 4 +1.6(VIP) Glutamine 4 NL.2
Glutamate 4 +1.6 (VIP) Glycine Betaine +1.4 (VIP)
Aminoacyl - Glutamine 4 NL.2 Metabolism
tRNA Histidine 3 +9.3 Nucleotide Uridine NL.6
Biosynthesis Leucine +1.9 (VIP) Metabolism
Proline NL.4 (VIP)
Valine +1.9

A positive fold change is indicative of a higher concentration in the mifare.

metabolites with VIP next to them were determined to be very important features by the
PSL-DA. ®These metabolites had concentrations lower than 0.01 for the sample with the
lowest concentratiorfThese metabolites are shown in multiple pathwalysre a

correlation was shown by Pattern Hunter.

Challenged Mutant versus Unchallenged Mutant Comparisons

Adding low levels of DABCOMD to the mutant samples created a significant
difference in metabolite concentrations in multiple pathways associated with
peptidoglycan synthesis, and energy related pathveayshown in Tables 3.8 and 318
addition, the growth curve of the challenged samples was significantly slower than their
unchdlenged mutant counterparts (Appendix Figure B2). Since the mutants had been
previously exposed to DABCOMD, when DABCOMD was added to their media again,
even in low levels, it caused them to fortify their defenses against the cationic
antimicrobial agento such an extent that their rate of growth was slow. The slower
growth rate and the identification of spent energy molecules in the metabolite analysis

can both be attributed to increased membrane disruption and fortification. The import of
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essential nuients is reduced while extra energy is also needed to induce membrane
fortifications. In the mid log phase, the challenged samples had higher concentrations of
the following energy metabolites: NAD+, succinate, isocitrate, acetate, formate and
pyruvate. Multiple metabolites that can be used in peptidoglycan synthesis also had
higher concentrations in the challenged mutant samples, including cystathionine, glycine,
glutamate, and glutamine. Alanine, on the other hand, had higher a concentration in the
unchallenged mutant samples. Betaine had a negative correlation with glycine, aspartate,
cystathionine, cysteine, homocysteine and pyruvate in the mid log phase while exhibiting
a positive correlation to glycine and aspartate and a negative correlation to
N-acetylglucosamine levels in the stationary phase. Alanine had a positive correlation
with uracil and methionine, and a negative correlation witdichtylglucosamine,
cysteine and cystathionine levels; aspartate, cysteine and homocysteine concentrations
had a positive correlation with cystathionine levels. Nucleotide metabolism components
in the mid log phase, such as adenine and uracil had a decreased concentration in the
challenged mutants in comparison with the unchallenged mutant sample typeaméhe s
is true of the stationary phase, except adenosine was also observed to be in lower
concentrations in the challenged mutant samples, in comparison to the unchallenged
mutant samples. In the stationary phase, glycine (VIP), glutamate (VIP) and lactate we
found in higher concentrations in the challenged samples, whereas lysine and
N-acetylglucosamine were observed in higher concentrations in the unchallenged
samples. Energy pathway related metabolites such as succinate, acetate and formate were

VIPs andwere found in higher concentrations in the challenged samples. Changes in the
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mid log and stationary phases as well.

Table 38. Fold change of statistically significamtetabolites in their corresponding

metabolic pathways for the mid log phase of DABCOMD challenged mutant versus

unchallenged mutant.

Mut D ML versus Mut ML

Indicated Metabolite Fold Indicated Metabolite Fold
Pathway Change 12 Pathway Change 12
Acetoacetate +2.2 Alanine Uracil 4 N4.7 (VIP)
Citric Acid Isocitrate +2.2 Metabolism
Cycle NAD+ 3 +3.0 Nucleotide Adenine NL.5
Succinate +1.3 Metabolism Uracil 4  N4.7 (VIP)
Acetate +1.3 (VIP) Alanine 4 NL.4 (VIP)
Pyruvate
. Formate +12.1 (VIP) Aspartate 4 +2.1
Metabolism
Pyruvate +1.9 Glutamate 4 +1.6 (VIP)
Alanine 4 NL.4 (VIP) Glutamine 4 +1.8 (VIP)
Pentidoalvean Cystathionine +4.7 Aminoacyl -tRNA Glycine4 +1.2
pridoglyc Glutamate * +1.6 (VIP) noacy! -tk Leucine N2.7
Synthesis ) Biosynthesis ) .
Glutamine 4 +1.8 (VIP) Phenylalanine  N2.0
Glycine * +1.2 Proline  NL.5 (VIP)
Aspartate +2.1 Tyrosine NL.8
Methionine Betaine* NA.O (VIP)
Metabolism Cysteine +2.2
Homocysteine +5.4
Glycine Betaine4 N4.0 (VIP)
Metabolism

A positive fold change is indicative of a higher concentration in the mdfdm.

metabolites with VIP next to them were determined to be very important features by the
PSL-DA. 3These metabolites had concentrations lower than 0.01 for the sample with the
lowest concentratiorfThese metabolites are shown in multiple pathways where a

correlation was shown by Pattern Hunter.
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Table 3.9Fold change of statistically significant tabolites in their corresponding
metabolic pathways for the stationary phase of DABCOMD challenged mutant versus
unchallenged mutant.

versus Mut S

Indicated Metabolite Fold Indicated Metabolite Fold
Pathway Change 2| Pathway Change 12
Citric Acid Cycle Succinate +2.3 (VIP) Nucleotide Adenine l\Q? (VIP)
Pyruvate Acetate +2.6 (VIP) . Adenosine N.4
. Metabolism , .
Metabolism Formate +10.1 (VIP Uracil NB.6 (VIP)
Glutamate 34 +1.3 (VIP) AMP N2.1
Glutamine 3 NL.7 Glutamate 34 +1.3 (VIP)
Peptidoglycan Glycine 3 +2.9 (VIP) Glutamine 3 NL.7
Synthesis Lactate +1.9 Aminoacy! - Glycine 3 +2.9 (VIP)
Lysine N2.0 tRNA Histidine NB.4
N-Acetylglucosamine  N2.5 Biosynthesis  Isoleucine  N2.7 (VIP)
Glycine Betaine +2.8 (VIP) Leucine +1.5
Metabolism Phenylalanine N2.2 (VIP)
Tyrosine NL.5

A positive fold change is indicative of a higher concentration in the mdfdr.

metabolites with VIP next to them were determined to be very important features by the
PSL-DA. 3These metabolites are shown in multiple pathwelysre a correlation was

shown by Pattern HuntefThese metabolites do not have significamiafues, but they

are VIPs.

Challenged Wild Type versus Unchallenged Mutants Comparisons

Thecomparison of th®ABCOMD challenged wild type (never been exposed to
DABCOMD before) to theinchallenged mutant samples (mutated in the presence of
DAB-COMD) is shown in Tables 10 and 11. These sangilgays cluster separately in
the mid log phase (Figures 3.3a, 3.4a,b, B4a,d, 3.6, B5a,b, 3.6a, B6, B7a,b) and almost
cluster separately in theasibnary phase (Figures 3.3a, 3.4c, B4a,e, B5a,c, 3.6b, B7a,c).
The only instances where these sample groups cluster together is in the stationary phase
was when all 8 sample types are plotted together (Figures 3.4a, 3.5, B6). The differences
between thatationary phases are smaller than those in the mid log phase, thus causing

the stationary phases to cluster closer together when they are all plotted on the same
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graph. The unchallenged mutant samples and the challenged wild type samples
clustering intaunique sample types with many metabolite concentration differences (24
and 23) and large fold change differences (61.5, 12.4 aAdlf.inh the mid log and
48.7, 11.1 and 8-8ld in the stationary in the mitant samples), strongly suggests that
the mutait samples truly are mutated variants of the original bacterial strain. Challenged
wild type samples and unchallenged mutant samples, or the challenged wild type samples
and challenged mutant samples, would likely cluster together if the DABCOMD only
temporarily activated different pathways. Unchallenged mutant mid log samples had
higher concentrations of NAD+, AMP, fumarate, succinate, and pyruvate than the mid
log challenged wild type samples. The unchallenged mutant samples in the mid log
phase alsodd higher concentrations in&tetylglucosamine and cystathionine when
compared to challenged wild type samples in the mid log phase. Nucleotide metabolism
components in the mid log phase had a decreased concentration of adenosine and higher
concentratios of adenine and uracil in the challenged wild type samples, in comparison
with the unchallenged mutant samples. In the stationary phase, the unchallenged mutant
samples had a higher concentration of these metabolites relative to the metabolite
concentrabns found in the challenged wild type samples. These changes were also
observed in the stationary phase as well, with the unchallenged mutant samples having a
fold increase of 11.1 in NAD+, 8.9 in fumarate, 2.3 in AMP and 48.7 in
N-acetylglucosamine rdiae to the challenged wild type samples. Lysine,
N-acetylglucosamine and cystathionine were in excess in Mut S. Betaine hafld 3.6

change decrease in WT D ML in comparison to Mut ML and negatively correlated to
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glycine, aspartate, cystathionine, &se, homocysteine, and pyruvate. While betaine
had a 3.Zold increase in WT D S when compared to Mut S and negatively correlated to
cystathionine and Mcetylglucosamine. A positive correlation to homocysteine, glycine
and pyruvate was also observedlietaine in WT D S compared to Mut S. In both the
mid log and the stationary phases, both WT D and Mut had significant changes in the
metabolites for energy pathways, aminoa&®MNA biosynthesis, peptidoglycan synthesis
and associated pathways.
Table 310. Fold change of statistically significant metabolites in their corresponding

metabolic pathways for the mid log phase of DABCOMD challenged wild type versus
unchallenged mutant.

WT D ML versus Mut ML

Indicated Metabolite Fold Indicated Metabolite Fold
Pathway Change 12 Pathway Change 12
Acetoacetate +3.5 Alanine Uracil 4 +1.6 (VIP)
Citric Acid Fumarate 3 N5.0 Metabolism
ICI: clel Isocitrate N2.8 Nucleotide Adenine +1.4
4 NAD+ 3 NL2.4 . Adenosine N2.0
. R Metabolism ,
Succinate NL.7 (VIP) Uracil 4 +1.6 (VIP)
Pyruvate Pyruvate NL.5 Alanine 4 +1.5 (VIP)
Metabolism AMP 3 ND.1
Alanine 4 +1.5 (VIP) Glutamine 4 N2.3
Cystathionine N2.3 Glycine 4 +2.0
Peptidoglycan Glutamine 4 N2.3 , Histidine 3 NL1.3
. . Aminoacy!l - .
Synthesis Glycine 4 +2.0 (RNA Isoleucine +5.7 (VIP)
Lactate +1.4 . . Leucine +4.3 (VIP)
. . Biosynthesis )
N-Acetylglucosamine 3 N51.5 Phenylalanine +2.0 (VIP)
Methionine Betaine4 NB.6 (VIP) Tyrosine +1.9 (VIP)
Metabolism Methionine +2.9 (VIP) Valine +4.6(VIP)
Glycine Betaine4 NB.6 (VIP)
Metabolism

A positive fold change is indicative of a higher concentration in the mdfdr.

metabolites with VIP next to them were determined to be very important features by the
PSL-DA. 3These metabolites had concentrations lower than 0.01 for the sample with the
lowest concentratiorfThese metabolites are shown in multiple pathways where a
correlation was shown by Pattern Hunter.
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Table 3.1. Fold change of statisticallignificant metabolites in their corresponding
metabolic pathways for the stationary phase of DABCOMD challenged wild type versus
unchallenged mutant.

WT D S versus Mut S

Indicated Metabolite Fold Indicated Metabolite Fold
Pathway Change 12 Pathway Change 12
Acetoacetate NL.6 Glycine Betaine*  +3.2 (VIP)
Citric Acid Fumarate 3 NB.9 Metabolism
Cycle NAD+ 3 NL1.1 Alanine Uracil ¢  N2.9 (VIP)
Succinate +4.4 (VIP)| Metabolism
Pyruvate Acetate +2.1 (VIP) , Adenine  NL.9 (VIP)
. Nucleotide . X
Metabolism Formate +7.9 (VIP) . Adenosine N3
Metabolism _ .
Pyruvate +1.5 Uracil4 N2.9 (VIP)
Cystathionine NL.7 AMP N2.3
Glutamate 45 +1.4 (VIP) Glutamate 45 +1.4 (VIP)
Peptidoglycan Glycine 4 +2.0 (VIP) ) Glycine 4 +2.0 (VIP)
. Aminoacy! - . N
Synthesis Lactate +1.5 {RNA Histidine N2.3
Lysine N2.4 (VIP)| _. . Phenylalanine N3.2 (VIP)
) N Biosynthesis ) N
N-Acetylglucosamine 3 N48.7 Tyrosine NL.7
Methionine Betaine* +3.2 (VIP) Valine NL.7 (VIP)
Metabolism Homocysteine +1.5

A positive fold change is indicative of a higher concentration in the mdfdr.

metabolites with VIP next to them were determined to be very important features by the
PSL-DA. 3These metabolites had concentrations lower than 0.01 for the sample with the
lowest concentratioiThese metabolites are shown in multiple pathwzlisese

metabolites do not have significantalues, but they are VIPs.

Discussion

When B. cereus was grown in the presence of DABCOMD and compared to wild
type B. cereus to obtain the eight sample sets described above (Table 3.1), statistically
significant concentration changes in metabolites likely involved in energy related and cell
wall composition related pathways were observed. The largest fold changes occurred in
metabolites found in peptidoglycan synthesis and energy related pathivesost
compellingoutcomes from this metabolomics study and the most likely implications of

the observed trends are described below.
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Comparisons between Metabolite Levels

Since in the stationary phase the cells are not rapidly dividing any more, the
bacteria are likely settled into a fortified membrane structure and have a decreased
metabolism.For this reason, smaller differences between all the sample type metabolite
concentrations were observed in the stationary phase than in the mid log\fikser
and Bertsche 2008).

In the mid log phase, glycine levels were significantly different betwall
sample type comparisons, except between the DABCOMD challenged and unchallenged
wild type samplesin the stationary phase, glycine levels were different between all
sample type comparisons, except between the challenged and unchallenged wild type
samples and between the unchallenged mutant and unchallenged wild type samples.
Betaine concentrations tkfed in the mid log phase between the challenged and
unchallenged mutant samples, between unchallenged mutant and wild type, and between
the challenged wild type and unchallenged mutant sampidbe stationary phase,
betaine concentration levels diféel between the WT D and WT samples, the WT D and
Mut samples, and between the Mut D and Mut sam@Besaine was correlated not only
to pyruvate (energy related molecule), glycine and cystathionine (peptidoglycan related
molecules), but was also corr@dtto many components of methionine metabolism.
When comparing any of the mutant samples to the wild type samples in the mid log
phase, a significant change in the lactate concentration was obsefvatble stationary
phase, the concentration of lactatenged when comparing Mut D to Mut, Mut D to
WT, and WT D to Mut. In the mid log phase, cystathionine was in higher concentrations

in the mutant sample types in comparison to the wild type samipliesestingly, the
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highest concentration of cystathiaeiwas detected in the challenged mutant samples,
and the lowest was found in the challenged wild tylpethe stationary phase, there was
a difference between the challenged wild type samples and both types of mutant samples
(challenged and unchallenged)ith the mutant samples having the higher concentration
of cystathionine.Cysteine followed the same pattern as cystathionine, with the mutant
samples having a higher concentration than the wild type, and the challenged mutant
samples having the highaesincentration in the mid log phaskn the stationary phase,
the challenged mutant samples had a lower concentration of cysteine than the challenged
wild type samples, and significant changes in cysteine levels between other paired sample
types were nabbserved.In the mid log phase, methionine had a higher concentration in
mutant samples in comparison to their wild type counterparts, except challenged wild
type samples were higher in concentration in comparison to the unchallenged mutant
samples.Ther was not an observed difference in the concentration of methionine in the
stationary phaselor homocysteine in the mid log phase, the only sample type
comparisons that showed a significant difference in concentration was between the
challenged mutant s#ples and all other sample types they were compared against, with
the challenged mutant samples having the highest concentration of homocyistéimee.
stationary phase, the only difference in homocysteine levels was between the challenged
wild type samfes and the unchallenged mutant samples, with the unchallenged mutant
samples having a lower concentration of homocysteine in comparison to the challenged
wild type samplesin the mid log phase, aspartate had a higher concentration when

comparing the chieznged mutant samples to all sample types they were compared
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against.In the stationary phase, aspartate had a significantly higher concentration in the
challenged mutant samples than in their challenged and unchallenged wild type sample
counterparts.n the mid log phase, the glutamate concentration was higher in all the
mutant samples than their wild type counterparts, with all challenged samples having
higher concentrations of glutamate than their unchallenged counterphaissdiffered
from the stdonary phase, where a difference in glutamate levels was only observed when
comparing the challenged sample types to the unchallenged samples, with the challenged
sample types having the higher glutamate concentratith glutamine in the mid log
phasethe challenged mutant samples had the highest concentration while the challenged
wild type samples had the lowest concentratibhe mutant samples had a higher
concentration of glutamine than the wild type sampleghe stationary phase, however,
the wild type samples had a higher concentration of glutamine than the challenged mutant
samples did, and the unchallenged wild type samples had a higher concentration of
glutamine than was present in the challenged wild type sampigsificant increases
lysine concentration were observed in the stationary phase in the unchallenged mutants in
comparison to the unchallenged wild type sampldsere was not an observable
difference between the wild type sample types (WT D to WT) or between the
DABCOMD challenged sample types (Mut D to WT D).

Pyruvate concentrations displayed a significant change during the mid log phase
for all sample type comparisons, except when the challenged and unchallenged wild type
samples were comparelivhen comparing low energyetabolites such as NAD+ and

AMP in the mid log phase, the mutant samples had a significantly higher concentration of
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these metabolites than the wild type samples, and the challenged mutant samples had a
higher concentration than their unchallenged mutannterparts.In the mid log phase,
the mutant samples had higher concentrations of isocitrate than their wild type
counterparts.In the unchallenged wild type samples, isocitrate had a higher
concentration than was found in the challenged wild type Emywhereas unchallenged
mutant samples had a lower concentration of isocitrate than the challenged mutant
samples.In the stationary phase, the unchallenged wild type samples had a higher
concentration of isocitrate than the unchallenged mutant saanpdeshallenged wild
type samples had higher concentrations than the challenged mutant sdfopteste in
the mid log phase had higher concentrations in the all the mutant sample types in
comparison to the wild type sampleBhe largest difference in forate concentrations
was seen when comparing the challenged mutant samples to the challenged wild type
samples.This is because there was not a significant difference between the wild type
samples (challenged and unchallenged), but the challenged mutgniéséad a higher
concentration than the unchallenged mutant samfliesre was less of a difference
between the formate levels in the stationary phase sample types than in the mid log phase
sample typesFigure3.8 displays the average and range ofifadhanges in key energy
metabolites in comparisons between the wild type, the mutants, the unchallenged and the

challenged®. cereusamples.
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Significance of Metabolite Changes

Energy pathway related metabeBtsuch as succinate, acetate and formate were
VIPs found in higher concentrations in the challenged sampt®s.energy metabolites,
such as NAD+ and AMP were found in higher concentrations between the mutant
samples than their wild type counterpartg aigher between the challenged mutant
samples than the unchallenged mutant samples, while there was not a significant
difference between the challenged and unchallenged wild type sarfplesnutant
samples, especially the DABCOMD challenged mutant sesnproduce more
metabolites to adapt to being grown in low levels of the antimicrobial compound.
Growth of the mutants in DABCOMD results in increased energy requirements and a
slower growth curve since the level of nutrients imported into the celuxeel because
of membrane fortification and disrupti¢gHurdle et al. 2011).

Significant changes in metabolites likely involved in aminodRNA
biosynthesis were observed when comparing the wild type and mutant samples,
DABCOMD challenged and unchallged in both the mid log and stationary phases.
These changes were most likely due to diversion of components of amitRiZy!
biosynthesis to peptidoglycan synthesis and antibiotic resis(@hepheracaind Ibba
2013). The mutant sample types generaladra lower concentration of nucleotide
metabolites than their wild type counterpar@me of these components were likely
used in aminoacyiRNA biosynthesis.Changes were observed in the concentrations of
many components of peptidoglycan synthesisahainvolved in cell wall composition
and frequently change in response to environmental stressors (like an antimicrobial being

added to their growth media), such as lactate, glutamate, lysine, glycine, and
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cystathionine.Changing the composition of tipentapeptide side chain of peptidoglycan
is a common method for increasing bacterial resistance to antimicr(Meg)in-
Lecreulx et al. 1994; Humann and Lenz 20@6limer et al. 2008; Nikolaidis et al. 2014,
Anderson et al. 2012)Lysine, a positivelycharged amino acid, is commonly associated
with incorporation into the peptidoglycan layer to increase the overall positive charge.
Lysine substituted into the pentapeptide side chain of peptidoglycan has been shown to
decrease the permeability and effeeness of cationic antimicrobialShepherdind Ibba
2013. Incorporation of glycine into peptidoglycan causes crosslinking and increases
rigidity (Shepherdind Ibba 2013; Hammes et al. 197R)has been shown that increased
crosslinking (glycine inagoration into peptidoglycan) is directly related to an increase
in bacterial survival rated.oskill et al. 2014. MenginLecreulx et al. have previously
shown that bacteria incorporate the cystathionine that was added to their media into their
peptidogycan layer.When cystathionine is incorporated into peptidoglycan, this
truncates the pentapeptide side chain by binding in the number three spot aralahe D
D-ala tail is ot attachedMengin-Lecreulx et al. 1994; Richard et al. 1992&)nother
metaboite that truncates the polyalanine tail is lac{@tederson et al. 201 Aikolaidis
et al. 2014)which forms a BalaD-lac bond to change the terminal residue from alanine
to lactate.If more lactate is needed, pyruvate can be reducedactBte(Anderson et
al. 2012 Nikolaidis et al. 2014)Lacking the polyalanine tail of the peptidoglycan by
incorporating different metabolites is a common method used by bacteria to develop
antimicrobial resistancgoskill et al. 2014; Sheppard and Ibba 208&olaidis et al.

2014;Anderson et al. 2012)The largest change observed in this study occurred in the
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levels of Nacetylglucosamine, with the mutant samples having the highest concentration.
These changes were observed in the mid log phase when compgrioigtlee mutant
samples to any of the wild type samples (DABCOMD challenged and unchallenged), but
not when comparing the wild type samples to each other (DABCOMD challenged and
unchallenged) or the mutant samples with each other (DABCOMD challenged and
unchallenged).In the stationary phase, there was less of a difference in the concentration
of N-acetylglucosamine when comparing any of the mutant sample types to any of the
wild type samples and comparing Mut D S to Mut S than there was in the middse. ph
Figure3.7 displays the fold change average and range for key observed metabolites
involved in protectindd. cereusrom DABCOMD. The significant changes in
N-acetylglucosamine and other metabolites involved in peptidoglycan synthesis adds
support to the theory that the mutants are changing the composition of their
peptidoglycan layer to protect themselves from the positive charge on DABCOMD, thus

reducing their likelihood that catastrophic membrane hole formation can occur.

Metabolomic Comarison of GrarrPositive and Negative
Bacterial Exposure to DABCOMD

DABCOMD, a multivalent membrane disruptor, has been shown to work on both
grampositive and grarmegative bacteria without acquisition of resistaf\tanKoten et
al. 2016). Membrane disrptors, especially multivalent structures are especially
intriguing because they also inadvertently cause energy and nutrient import disruption
(Hurdle et al. 2011)Bacteria cannot easily change their membranes to such an extent
that they become resistantmultivalent membrane disruptors, since membrane

disruptors are generally attracted to the large negative charge of the membrane
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(Chamorro et al. 2012; Pieters et al. 200Bhe effects of DABCOMD on the gram
negative bacteridgscherichia col(E. col), were previously reportgdries and
Cloninger 2020).No differences in growth curves were observed when comparing the
wild type and mutate#. coli, whereas the mutatd&l cereusamples had a slower
growth and did not reach as high of an optical dgms the stationary phaseéNot as
many upstream pathways to peptidoglycan synthesis and amiiB&tAlbiosynthesis
were observed in the. colisamples in comparison to tBe cereusamples.The fold
changes for the concentrations in observed matabalere also larger in thg cereus
results in comparison to tie coliresults, especially for metabolites associated with
peptidoglycan synthesis and energy related pathwhlyis makes sense because gram
negative bacteria contain about 10% peptigcan in their cell membranes, whereas
grampositive bacteria contain up to 70% peptidoglycan in their cell W&dhkleifer and
Kandler 1972).Since granmpositive bacteriaR. cereu¥ have a thicker peptidoglycan
layer, more changes can be observed mparison to the gramegative bacteria
(E. coli). Larger differences in observed energy related metabolites are also reasonable
for grampositive bacteria, since changes to the higher concentration of peptidoglycan in
the phospholipid membrane (graposiive) would require more energy, more rigidity,
and more membrane disruption with nutrient impdre greater observed disruption of
nutrient import is as expected Br cereuslue to its cell wall and larger concentration of
peptidoglycan, and this igkely responsible for the slower growth curve that also does
not reach the regular stationary phase optical denshg. membrane disruption

properties of DABCOMD are especially evident when observing that the challenged
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mutantB. cereussamples had théavest overall growth curve, had the lowest stationary
phase density, and was associated with highac@lylglucosamine production and spent
energy molecules in comparison to the unchallenged mBtargreusamples (which
did not have as slow of a gramturve or as much of a fold change for peptidoglycan
synthesis and spent energy pathways) and especially in comparison to the Eautated
samples (which did not have any observable change in growth curve and did not have as
many peptidoglycan synthesand spent energy change®verall, DABCOMD is a
multivalent membrane disruptor that is difficult for either gfpositive or granmegative
bacteria to develop resistance to, since this antimicrobial compound contains multiple
attached positive charg#sat are attracted to the negatively charged phospholipids of
bacteria.In the attempt to develop resistance to DABCOMD, both ¢pasitive
(B. cereus and grarmnegative E. coli) bacteria were observed to fortify their membranes
by altering their peptidglycan layers, consequently incurring more energy costs and

disruption of nutrient import.

Conclusions

Novel antimicrobials with new scaffolds are needed to assuage the increasing tide
of ever increasing antibiotic resistant bacteNéultivalent antimicrobials have the
potential to exhibit increased efficacy relative to their monovalent countergéugs.
C16-DABCO and mannose functionalized dendrimer (DABCOMD) was used to study the
effects of multivalent quaternary ammonium antimicatdd The mutant samples were
previously mutated in the presence of DABCOMID.addition, samples were challenged

with a low dose of DABCOMD in their growth media to generate samples for
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comparison to samples grown in unchallenged mddietabolite proiles during both
the mid log and stationary phases were undertaken t8ihgVIR hydrophilic metabolite
analysis to discern metabolite identifications and concentratidasy metabolites
commonly associated with energy associated pathways, peptidogjythesss and
related pathways were observethe stationary phase had significantly less changes in
metabolite concentrations between paired sample types than the mid log/Ashase.
example of a stationary phase significant change is in the concentflysine, with
which higher concentrations were associated with the mutant sample 8ipes.lysine
is a positively charged amino acid associated with decreasing the efficacy of positively
charged antimicrobials, the observed changes in lysine coatiens are highly
consistent with cell wall alternations that would be expected for these stiithes.
largest observed metabolite concentration change (up td@d)2vas in
N-acetylglucosamineHigher N-acetylglucosamine levels were associated vhigh t
mutant sample type, especially the challenged mutant sample type in comparison to their
wild type counterpartsN-acetylglucosamine is a major component of peptidoglycan
synthesis and is involved in cell membrane fortification and survivabilibe rmutant
sample type, especially the challenged mutant samples, were associated with significantly
more spent energy molecules (up tef8Md increase in NAD), and a slower growth
curve. The slower growth and association with spent energy molecules oltheats)
especially the challenged mutants, was most likely due to membrane fortification slowing
the rate of nutrient entry into the ceNoreover, making these fortifications would be

energetically costly.The differences in energy requirements betweermutant and
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wild type samples and DABCOMD challenged and unchallenged sample types were
likely less significant in the stationary phase than the mid log phase, because the bacteria
were no longer rapidly dividing, were changing their peptidoglycarrddges
frequently, and were decreasing their metabolism.

Overall, there was a larger difference between the challenged wild type/mutant
sample paring than the unchallenged wild type/mutant sample pdiiregsmallest
difference was between the challenged unchallenged wild type samples, while there
was a large difference between the challenged and unchallenged mutant sdimples.
data from analyzing NMR hydrophilic metabolite concentrations from challenged versus
unchallenged sample types demonstrétedi the challenged mutant samples grew more
slowly, had more spent energy related metabolites and had more and larger concentration
changes in metabolites associated with peptidoglycan synthesis and related pathways than
their unchallenged counterparfShe mutanB. cereussamples, especially those
re-exposed to the antimicrobial, are likely changing their peptidoglycan composition to
protect their cell walls from the large positive charge on DABCOMDis change in the
peptidoglycan caused them to u@ég more energy, have a greater extent of membrane

disruption of nutrient import, and grow more slowly than the wild type samples.
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CHAPTER FOUR

DISCUSSION AND COMPARISON OF BOTH THESCHERICHIA COLAND THE

BACILLUS CEREURESULTS

The purpose of this research was to study how both-geagative and gram
positive bacteria, which was grown in the presence of a multivalently presented,
membrane disrupting antimicrobial compound, are able to mutate in an attempt to
develop antimicrobialesistance. ®ton ¢H) nuclearmagneticresonancéNMR)
hydrophilic metabolomics methods were used for this study. The multivpletgrnary
ammonium compounfAC) that is known to cause membrane disruption incorporates
1,4-diazabicycle2,2,2octane(lDABCO) (Pokhrel et al. 2004) with a 4&rbon chain
onto amannose functionalized dendrimer (DABCOMIrevious studies reported
minimum inhibitory concentration (MIGralues for DABCOMDand produced mutants
of Escherichia col(gramnegative) andacillus cereuggrampositive) bacteria at the
culmination of the 32 ycle study YanKotenet al.201§. These samples obtained after
the 33cycle MIC study were referred to throughout the experiments reported as the
Escherichia col(E. coli) mutants and thBacillus cereugB. cereu¥ mutants,
respectively. VanKoten et al. in their 2016 study previously showed that both bacteria
became veryesistant to small molecule inhibitors such as ampicillin and monomeric
DABCO, while the MIC values for DABCOMD (multivalent) remained relatively
constant. Little to no resistance acquisition to DABCOMD was expected or observed,
because the bacteria amgable to undergo enough changes to their membranes to deter a

multivalently presented membrane disrupt@h&morro et al. 2012; Hurdle et al. 2011;
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Pieters et al. 2009)In this research, the mutants generated by the original MIC study
(VanKotenet al.2016) were compared to their respective wild types (taken from the
bacterial stocks that were used to start the MIC study) dsidgMR hydrophilic

metabolomics.

Escherichia coli

Samples were collected in both the mid log phase (ML) and stationary #)ase (
from both the wild typ€WT) and mutan{Mut) E. coli. The growth curves of the wild
type and mutant samples were indistinguishalblee hydrophilic metabolites were
extracted and studied usitg NMR. The concentration data and identity of the
metalwmlites observedising Chenomx NMR Suite 8sbftware (Chenomx 2016) gach
sample were compared usiKgSTAT (Addinsoft 2019hierarchical clustering and
principal component analysis (PCA) bioMetaboAnalyst 4.0 (Chong et al 2019 and
references thems) 2D and 3Dsparse partial least squares discriminate analysis
(sPLSDA), very important features (VIPyplcano plos, pattern hunter and pathway
analysis tool and KEGG pathways (Kanehisa and @o@® and references therein).
Hierarchical Clustering, PCA and sPIDR showed complete separation of all sample
types (WT ML, WT S, Mut ML and Mut S), demonstrating that all sample types are
unique.

Statistically significant (fold change anevplue of0.5 or less) concentration
changes in energy pathways, aminod®MNA biosynthesis, peptidoglycan synthesis and
related pathways were observed. The largest change observed wiaddaii2&ease in

the concentration of fcetylglucosamine in the mutantdog phase samples, in
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comparison to the wild type samples-abketylglucosamine is a major component of
peptidoglycan synthesis, which is required for survival especially due to environmental
stressorsNikolaidis et al. 2014Shepherand Ibba 20137haoet al. 2018; Xu et al.
2006; Anderson et al. 20L.2The mutant sample type had higher concentrations of
glutamate (VIP) in both the mid log and stationary phases and a higher concentration of
aspartate (VIP) in the mid log phase, in comparison to tldetype samplesGlycine
was observed to have &@d decrease in the mutant samples, in comparison to the wild
type samples. One likely explanation for the drop in glycine levels is that the mutant
samples are consuming glycine in an attempt to iseré@e crosslinkingf the
pentapeptide side chain of peptidoglycan, which has been shown to increase survivability
(Shepherand Ibba 2013; Hammes et al. 1978n increase in lactate concentration in
the mutant samples was observed in both phases, avhiferease in lysine
concentration was observed in the stationary phase in comparison to the wild type
samples. Both lactate and lysine have been shown to be components of the pentapeptide
side chain opeptidoglycan$hepheragnd Ibba 2013; Anderson &t 2012).
Incorporation of lactate has been shown to truncate takxD-ala tail of the
pentapeptideShephercind Ibba 2013).Incorporation of lysine (positively charged)
into the number three spot of the pentapeptide side chain has been shevenstoatbegy
for garnering protection from positively charged antimicrobials (Anderson et al. 2012).
SinceDABCOMD is a multivalent positively charged membrane disruptor, the bacteria
are most likely mutating to increase their membrane strength andlgasigive charge

by altering their peptidoglycan layer. The mutant sample type was also associated with
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higher concentrations of spent energy related molecules such aSawdAMP in both
the mid log and stationary phases, in comparison to the wildsgypeles. The increase
in spent energy metabolites is thought to be the result of the increased energy expenditure
required for altering peptidoglycan layers to garner additional protection against
DABCOMD. The membrane disrupting properties of DABCOMiild also be slowing
the rate ohutrient uptake from the growth media, resulting in the increase in spent
energy metabolites (Hurdle et al. 201There was a larger difference in the
concentrations of the mid log phase metabolites than was obserhedsiationary phase
metabolites. However, a smaller difference was expected for the stationary phase
samples, in comparison to the mid log phase samples, because the cells in stationary
phase are not rapidly dividing anymore. Thus, they do not requineies energy and
have settled into their fortified membrane compositiallfner and Bertsche 2008).

Analysis ofE. coliNMR hydrophilic metabolomic data of the wild type and
mutant samples demonstrated that multiple components of peptidoglycan #trat\ane
to increase survivability were observed. An increase in spent energy metabolites in the
mutant samples in comparison with the wild type samples was also obseheed. T
mutantE. colisamplesare almost certainly mutating in an attertgpgarner praction
from the large positive charge found on the multivalent DABCOMD antimicralgieht
by strengthening their membranes via alteratiorthéncomposition of their

peptidoglycarpentapeptide side chains.
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Bacillus cereus

The same procedures were diser theB. cereussamples as were used for the
E. coli samples, except a DABCOMD challenged sample set was added. The
DABCOMD chall enged sample set used O0.37
(VanKoten et al. 200)6of DABCOMD added to the medid he sampletabeled as the
unchallenged samples did riaive DABCOMD added to the media. Except for the
addition of a small amount of DABCOMD added to the growth media of the challenged
samples, the procedures were the same for both challenged and unchallenged sample
types. The wild typ€WT) and mutan{Mut) B. cereussamples, DABCOMD challenged
(denoted D) and unchallenged sample types were collected in the mid log phase (ML)
and stationary phase (S) yielding eight sample types: WT ML, WT S, WT D ML, WT D
S, MutML, Mut S, Mut D ML and Mut D S. The growthuoves of both the challenged
and unchallenged wild type samples were indistinguishable. The growth curve of the
unchallenged mutant samples (Mut) was slower and did not reach the same optical
density as both wild type samples (WT D and WT). The chaltenggant samples
(Mut D) had the slowest growth and had the lowest optical density overall. The
hydrophilic metabolites obtained from all eight sample types were studied‘tsing
NMR. Chenomx NMR Suite 8.4 software (Chenomx 2028% used to determineeth
identity and concentration of the metabolites found in each sample. The data was
analyzed usingkLSTAT (Addinsoft 2@1) hierarchical clustering and principal
component analysis (PCA) biplot, MetaboAnaly4$t (Pang et al. 2021 and references

therein 2D and 3Dsparse partial least squares discriminate anglgBisSDA),

e M
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orthogonal partial least squares discriminate analysis (ortheCl)Svery important
features (VIP)yolcano plos, pattern hunter and pathway analysis tool and KEGG
pathways (Kanehisand Goto 2000 and references thereW)T ML and WT D ML
samples clustered together, Mut D S and WT D S samples clustered together, and all
other sample types separated. When only the unchallenged samples were compared, all
four sample types separatedjil® when only the challenged samples were compared,
both the stationary phase samples (Mut D and WT D) clustered together. Fold changes
and pvalues (0.5 or less) were used to determine the statistical significance of metabolite
concentration changes baten sample types.

The mutant and challenged sample types were associated with higher levels of
spent energmolecules such as NATand AMP than their wild type and unchallenged
sample counterpartdt is likely that the slower growth associated with kingher
concentrations of spent energy molecules in the mutants, and especially in the challenged
mutants, is due to the increase in membrane fortificafidre strengthened membrane
that is formed upon exposure to a membrane disruptor decreases the rate of nutrient
uptake into the celthus costing the cell more energy to survive (Hurdle et al. 2011).

The stationary phase comparisons showed a smaller naintiffierences between all
sample types and metabolite concentration fold changes differences in iscompathe
mid log phase.This smaller difference is most likely due to thek of rapid cell
division, decreased metabolism (slower nutrient uptaiieas important) anoverall
settlinginto a beneficial membrane compositiduring thestationaryphase (Vollmer and

Bertsche 2008).
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The greatest numbef metabolite changes were involved in aminodBNA
biosynthesis in both the mid log and statignahases. The challenged mutant samples
were associated with the greatest number of changed metabolites. The changes in many
components of aminoacylRNA biosynthesis are likely to be causing upstream changes
as well. Both mutant sample types were esded with an overall lower concentration
in nucleotide metabolites than their wild type and unchallenged counterparts, most likely
due to an increase in aminoatiRINA biosynthesis components. Byproducts of
aminoacyitRNA biosynthesis are likely beingwtrted to peptidoglycan synthesis and
garnering antibiotic resistanc8l{epherdind Ibba 2013).

The largest observed concentration changes were associateglittembrane
composition and energy production pathwaisacetylglucosamine, which had the
largest concentration changes when comparing mutated to wild type samples, is a major
component of peptidoglycan synthesiReptidoglycan is importarfior protection against
antimicrobialssince it is acomponent of the cell walNikolaidis et al. 2014Shepherd
and Ibba 2013Zhaoet al. 2018; Xu et al. 2006; Anderson et al. 201DABCOMD
challenged mutants were associated with the highest concentration of
N-acetylglucosamine, while unchallenged wild type samples were associated with the
lowest concatration of Nacetylglucosamine. Other important components of the
peptidoglycan such as glycine, lysine, lactate, cystathionine, glutamate, and glutamine
were also observed, adding additional evidence that the peptidoglycan layer is altered in
respnse ® DABCOMD. Peptidoglycarpentapeptideomposition frequently changes in

response to environmental stressamdis known to increaskacterial resistance to
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antimicrobials (MengifLecreulx et al. 1994; Humann and Lenz 2009; Vollmer et al.
2008; Nikolaidiset al. 2014; Anderson et al. 2012). tie stationary phasthe mutant
samples, especially the challenged mutant samples, were associated with higher
concentrations of lysine, in comparison to their wild type counterparts. Iggice is
positively darged, incorporain of this amino acithto the pentapeptide side chain of
peptidoglycan increas¢he overall positive charge on the membrahereby decreasing
theefficacy of cationic antimicrobialsShepherdand Ibba 2013)An increase in lysine
concentratiormay haveonly beenobserved in the stationary phase becausBticereus
bacterighadsettled into a more fortified peptidoglycan composition since they were not
rapidly dividing anymore (Vollmer and Bertsche 2008hanges in glycine
concentrations were observed likely because glycine induces crosslinking and increases
rigidity of the peptidoglycan layer, which has been shown to increase bacterial survival
rates(Shepherdnd Ibba 2013; Hammes et al. 1973; Loskill eR@ll4). Lactateis a
common pentapeptide truncator (Anderson et al. 2012; Nikolaidis et al. 20dvpas
found to be associated with the mutant sample type, especially the challenged mutant
samples.Truncation of the EalaD-ala tailin the peptide sie chain of peptidoglycas
a common method to develop antimicrobial resistdhoskill et al. 2014; Sheppard and
Ibba 2013; Nikolaidis et al. 2014; Anderson et al. 20gher cystathionine levels
weregenerally associated with the mutant samplgse@ally the challenged mutant
samples.Previous research shows that cystathionine can be incorporated into and
truncate the pentapeptide side chain of peptidogl{idmgin-Lecreulx et al. 1994;

Richard et al. 1993). The numerous changes in peptidogsysahesis and related
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pathways asociated with the mutant samphkedd support to the theory that the mutants
and to a larger extent, the challenged mutant samapdesltering the composition of their
peptidoglycan layer to garner more protection fromn ultivalently preseat positive
charge on DABCOMD.

Overall, more metabolites and concentration changes were observed between the
challenged samples (Mut D vs WT D) than between their unchallenged counterparts (Mut
vs WT). The smallest change was alied between the challenged and unchallenged
wild type samples. The metabolite data revealed that the mutant samples, especially the
challenged mutant samples, had a slower growth curve, decreased ending optical density,
were associated with more spenergy metabolites and larger concentration changes in
metabolites commonly found in peptidoglycan synthesis, than their wild type and/or
unchallenged counterparts. The mutddedereussamples, especially the DABCOMD
challenged mutant samples, are mdsdlii altering their peptidoglycan layer. This
results in higher energy costs and slower nutrient import for these sample sets, since they

have garnered protection from the highly positively charged DABCOMD.

Comparison of GrarNegative and GrarRositive Bateria Metabolomics Data

Bacteria do not readily acquire resistance to multivalent membrane disruptors
because largehangs totheir membranewould be requiredqChamorro et al. 2012;
Pieters et al. 2009)Multivalent membrane disruptors ceause mutatins thaimpede
nutrient importin addition to strengthening the cell Membrane ovékdlirdle et al.

2011). DABCOMD is amembrane disruptor that multivalently presents QACshhaae

efficacy against botgrampositive and grasmegative bacteriaEven after 83-cycle
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MIC study (VanKoten et al. 2016)esistance to DABCOMD was not conferréthe
growth curve was the sanfa the wild type andhe DABCOMD mutatedE. coli, while
the mutated. cereusamples and especially the DABCOMMD challengedanu
samples had slower growth cuswand lower ending optical denisisthan their wild type
B. cereugounterparts. ThE. coli sample comparisons (WT vs Mut) did not have as
many metabolite changes, especially upstream of peptidoglycan synthesisimoacgin
tRNA biosynthesis, in comparison to tBecereussample comparisons (WT vs Mut and
challenged vs unchallenged). TBecereussample comparisons also had larger fold
change differencgthan thek. coli sample comparisonsspeciallyfor the metablites
involved in peptidoglycan synthesis and energy related pathvi/BCOMD damages
the bacterial membrane, agchm-positive bacteria contain up to 70 % peptidoglycan
while gramnegative bacteria contaomly about 10 % peptidoglycan in their membegan
(Schleifer and Kandler 1972pue to the significant differences in membrane
compositionsamore significantlifferencewas expected for thB. cereusamples
(grampositive) than for th&. colisamples Differencesin energy related metabolites
werelarger in the granpositive bacteriaB. cereusthanin the gramnegative bacteria,
E. coli. Since grarmositive bacteridave more peptidoglycahangramnegative
bacteriaalteringthe peptidoglycanf B. cereushould bemore energtically costly
while increasing the difficulty ohutrientuptake when compagdto E. coli. It is likely
that the greater disruptido nutrient uptake anthethicker membranes d&. cereusn
comparison td. colialso explairthe slower growth curyeveralldecreased optical

density and association with higher concentrations of spent emeotgcules and
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peptidoglycan components {&tetylglucosamindpr B. cereusnutant samples.
Differences between sample types were larger when the mutants are grown in
DABCOMD.

DABCOMD is a multivalent membrane disruptor that has multiple positive
charges (QACS) that are attracted to the nedgttgarged phospholipidomponent®f
thebacterihmembrane.Both grampositive 8. cereuy and gramnegative E. coli)
bactera alter their peptidoglycan layers to garner protection from DABCOMD
consequently causinigterference of nutrient uptake and increase in energy requirements.
Since granpositive bacteria have thicker membranes than gragativebacteria and
DABCOMD is a membrane disruptaa, larger number afthangesn the concentration
and number of metabolite differendestween wild type and mutant samples were
observedor the grampositive bacterigB. cereu}than for the grarmegative bacteria

(E. coli.
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CHAPTER FIVE

CONCLUSIONS

This study used NMR hydrophilic metabolomics to deterrhion@ Escherichia
coli (E. coli)andBacillus cereugB. cereusnutated in the presence GABCOMD.
DABCOMD is a multivalent quaternary ammonium compound (QAC) that has
1,4-diazabicycle2,2,2octane(lDABCO) with a 16carbon chairand mannose endgroups
tethered to a dendrimer framework (Figure 5.1). DABCOMD is effective against both
grampositive and grarmegative bacteria. In addition to changes in growth cuthkies
mutantB. cereusamples (espedig the DABCOMD challenged mutarB. cereus
samples)n comparison to their wild type counterpaatealsoassociated with the
highestconcentration of spent energy metabolites arattylglucosamine production
(major component of peptidoglycan synthgsis comparison td. cereus the mutant
E. coli samples had no growth curve chaage displayedewer changes ienergy
related metabolites améptidoglycan synthesompared to thwild type. Both gram
positive B. cereu$ andgramnegative E. coli) bacteria attempt to garner protection
from DABCOMD by altering theomposition of theipeptidoglycan layer for protection
against positively charged membrane disruptdisese alterations in the peptidoglycan

layerresult in highe energy costs andterference witmutrient uptake.
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Figure 5.1 Structure ofC1e-DABCO Mannose Functionalized Dendrimer (DABCOMD)

The study of multivalent antimicrobial materials is critically important since these
compounds have the potential tm€tion on antibiotic resistant bacteria with increased
efficacy (Wolfenden et al 2015; VanKoten et al. 2016; Andre et al. ROBacteria also
have a reduced ability to develop resistance to multivalent antimicrobials, in comparison
to monovalent antingsrobialcompoundgWolfenden et al2015; VanKoten et al. 2016;
Andre et al. 200l Nuclear magneticasonance (NMR) metabolomics experiments are
widely used for the quantitative elucidation of the biochemical pathways associated with
development ofesistance during bacterial growth in the presence of an antimicrobial
agentBar di ng et alt. a2 OWisBgt 20d& Turkogki et ale2019;
Lammerhofer and Weckwerth 2013; Lindon et al. 208Gerr et al. 2016 A better
understanding of the procdsg whichbacteriadevelopresistance tonultivalent
antimicrobials elucidatebothhighly consered and easily mutable metabolomic
processes. More in depth research into pathweatsvere identified in these studies as
being difficult foreffective mutatiormay provide targets for future antimicrobial

research.A limitation of NMR metabolomics stueks is that there is not a comprehensive
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compound profile list that contains all metabolites present in an NMR sample at this point
in time, resulting in the inevitable omission of identifications for some metabolites. Even
though the list of compoundsahcan be identified in NMR metabolomics samples
increases every year, and most peaks can be identified, there are still peaks that do not

have a match in the database

DABCOMD Likely Mechanism of Action

DABCOMD is multivalent QAC that works on both grapositive and gram
negative bacteria and resistance was not obtained by Bitbereusor E. coli.
DABCOMD is apromisingcandidate as a cationic biocide becatshighly positivdy
chargel (on averagelus sixteen per dendrimeahd thel6-carbon chairof C16-DABCO
is ideal for membrane associatiohhe dendrimer provides a stable, easily
functionalizable multivalent structueadmannoseendgroupsncrease the solubility
The likely mechanisms of action of DABCOMD are different in giaositive and gram

negative bacteria.

Gramnegative Escherichia coli

DABCOMD is a cationic biocide that is likely using the same mechanisms of
actionas has been reported for other catidnacides againgk. coli (gramnegative)
(Kagler et al. 2005; Timofeeva and Kleshcheva 2011; Chen et al. 2017; Tiller et al. 2001;
Sabnis et al. 2031 The large positive chargeé the DABCOMD is likely
electrostatically attracted to the negatively cledripopolysaccharides and the

negatively charged phospholipids on the cell membraite @dli (Timofeeva and
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Kleshcheva 2011; Tiller et al. 2001; Sabnis et al. 20Electostatic interactions
happening in close proximity to the membrane likely rasutbe release of divalent
counter cations, causing the destabilization of the phosphafiprdbrangKugler et al.
2005; Timofeeva and Kleshcheva 2011; Chen et al. 2017; &tliglr 2001; Sabnis et al.
202]). After the dstabilization of the phospholipid outer membrane occurs, further
penetration of DABCOMD into the thin peptidoglycan layer and inner membrane likely
results, leading to innenembrane disruption, leakage, and cell ly$isnofeeva and
Kleshcheva 2011; Nguyeet al. 2011; Chen et al. 2017; Richards et al. 2018; Till et
2001;Sabniset al.2021).

It is likely that the bacteria are altering their peptidoglycan layer composition to
decrease the efficacy of DABCOMD. Changes were observed in the corioastodt
lysine, glycine, lactate and other amino acids commonly associated with peptidoglycan
synthesis. Increasirthelysine concentration has been shown to decrease the efficacy of
cationic antimicrobials by decreasing the overall negative cldripe bacterial exterior
(Cox et al. 2014; Hebecker et al. 2085kiepherd and Ibba 2013ncreased crosslinking
of peptidoglycan witlglycine has been shown to increase survivability of bacteria in
hostile environmenté_oskill et al. 2014. Andtruncationof the D-alaD-ala tail in the
side chain of peptidoglycan by lactate has been shown as a bacteria response to
antimicrobials(Anderson et al. 2032 Concentration changes in alanine were observed
between the mutant and the wild type samples. Alanine is an important component of
peptidoglycan synthesis, but it has also been shown to decrease the negative charge on

cell membranegHebecker et al. 201%oskill et al. 2014; Shepherd and Ibba 2013;
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Humann and Lenz 200&nderson et al. 2032 It is likely that the mutant bacteria are
attempting to garner protection from the highly positively charged DABCOMD by
adding alanine esters to their phosphatglyterol phospholipids. Another common
mechanism to decrease the overall negative charge of lipopolysaccharides that could be
occurring in the mutants is adding phosphatidylethanolamine tostaharidegBertani
and Ruiz 2018Sabniset al. 2@1).

More research is needed to determine the mechanism of DABCOMD on gram
negative bacteria, as well as to determine the likely modifications occurring to protect

themselves from DABCOMD.

Grampositive:Bacillus cereus

DABCOMD likely has the same mechanismaation aghat of previously
reportedcationicbiocides Timofeevaand Kleshcheva 201 Gerba 201p The large
positive charge on DABCOMD is likely electrostatically attracted to the large positive
charge on teichoic acid and lipoteichoic acids protmdiiom the surface of the cell wall
(peptidoglycan layenjTimofeeva and Kleshcheva 201Xpnce the DABCOMD
electrostatically binds close to the surface of the peptidoglycan layer, disruption likely
occurs DABCOMD should therbe able to penetrate down to the phospholipid
membrangTimofeeva and Kleshcheva 201T)ABCOMD is likely interactingwith the
negatively charged phospholipid membrane, resulting in its highly positive charge
displacing divalent counter catioesch as calcium or magnesium, causing further
disruption(Timofeeva and Kleshcheva 2010)embrane leakage and eventually lyasis

the ultimate outcomélimofeeva and Kleshcheva 2011; Gerba 2015).
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The mutant samples were likely attempting to garner protection from the highly
positively charged DABCOMIy altering their peptidoglycan, teichoic acid,
lipoteichoic acid and inner memd@ne phospholipid compositions. Alanine, lysine,
glycine, lactate and other associated compound concentration changes were observed
between the challenged and unchajkesh and wild type and mutant samples. Glycine is
an important component for crosslingiin peptidoglycaiiShepherd and Ibba 2013;
Hammes et al. 197&nd has been previously shown to increase survivability in hostile
environmentgLoskill et al. 2014. Truncation of the Eala-D-ala tail in peptidoglycan
by lactate has been previously shmoas a bacterial response to an antibi@iederson et
al. 2013. Lysine has been previously showrdexrease the efficacy of cationic
antimicrobials and is important for peptidoglycan synthesis and important addition to
phospholipids residud€ox et & 2014;Schneewind and Missiakas 2QHebecker et al.
2015 Shepherd and Ibba 2011 3Alanine is an important component of peptidoglycan
synthesis and phospholipid charge composition alternaf@ms et al. 2014Schneewind
and Missiakas 2014; Hebker et al. 2013 _oskill et al. 2014; Shepherd and Ibba 2013;
Humann and Lenz 2009; Anderson et al. 20Ithus, itis likely that the mutant bacteria
are attempting to garner protection from the highly positively charged DABCOMD by
increasing peptidogtan crosslinkingandby altering the composition of their
peptidoglycan layers, teichoic acid, lipoteichoic acid, and phospholipid residues to
decrease their net negative charge. Adding lysine and alanine esters to their phosphatidyl
glycerol phospholigls and adding alanine molecules to their glycerol residues in their

teichoic acid and lipoteichoic acidowld decrease the overall negative charge on these
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molecules, thus decreasing the electrostatic attraction of cationic bi¢Camest al.
2014;Schreewind and Missiakas 201Mebecker et al. 205
More research is needed to determine the mechanisstioh ofDABCOMD on
grampositive bacteria, as well as to determine the likely modifications occurring to

protectthe grampositive bacterifrom DABCOMD.

Future Work

Hydrophilic metabolomics data obtained using liquid chromatogiaphgs
spectrometry (L&MS) should be compared to the hydrophilic NMR data presented here.
This would enable determination of how complementary the data sets are andbevould
expected to provide a more complete picture of the metabolomic pathways involved in
mutations to multivalent antimicrobial agents. Hydrophobic metabolomic profiling
should be performed using EKZS and gas chromatograpghyass spectrometry
(GC-MS). TheLC-MS data should be compared to the-®S data to determine if
using both instruments is a way of observing a more complete picture of the altered
pathways.

Comparing hydrophobic metabolomics data to hydrophilic metabolomics data
should be complementarpé may also show distinct pathway changes. It would be
quite interesting to observe the differences in metabolite pathways that emerge from the
two methods. DABCOMD is a membrane disruptor, and the largest fold changes in
metabolite concentrations wereN-acetylglucosamine (an integral part of peptidoglycan
synthesis). Thus, it would be expected that changes to hydrophobic phospholipid

components would be observed and could potentially point to more details regarding
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what is occurring at the phosphotipinembrane in response to DABCOMD. These
potential changes to the phospholipid membrane could further shed light on some of the
metabolite concentration changes observed in the hydrophilic metabolite data. After the
most efficient methods for the studfyraultivalent antimicrobials are determined (LC
MS vs GCMS for hydrophobic data and NMR vs L@S for hydrophilic data), then
efficient methods can be used to study the responses of more bacteria, and even perhaps
additional organisms such as fungi &amorhabditis elegan€C. elegany to a variety
of multivalent antimicrobials. These studies would be expected to guide development of

new antimicrobial agents.
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APPENDIX A

SUPPLEMENTARY MATERIALS FOR CHAPTER 2:

E. COLIMANUSCRIPT
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Methods

Mid Log
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Figure A1.Overview of procedures from culture to extracted hydrophilic metabolites
ready for NMR buffer

Preparation and Sterilization of Media

One liter of media was prepared in a 2 L Erlenmeyer flask by adding 22 g of
Brodo Mueller Hinton 1l Media (BMHII) and filling to 1 L with Millipore water. The
flask was capped with aluminum foil and autoclave tape. The solution was heated and
stirred on ot plate with a stir bar for 205 min until homogeneous. The media was
autoclaved. After the media was autoclaved, sterile procedures were used every time the

aluminum foil lid was removed.

Sterile Technigue

The hood was sprayed with 70% ethanol wttike glass door was opened 1 foot
or less. Anything coming into or near the hood was sprayed with 70% ethanol. No lids
were removed during this process. All equipment and supplies were sprayed with 70%
ethanol and/or autoclaved before they were placeckihdlod. After the ethanol had

fully evaporated inside the hood, a Bunsen burner was lit. All flasks were autoclaved and
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capped with aluminum foil. The rim of each flask was passed through the flame before
and after pouring media. The lids on all containegse closed for as much as time as

possible.

Overnight Culture Preparation

Sterile technique was used to pour 80 mL of BMHII media into four 250 mL
Erlenmeyer flasks. Two 80 mL cultures were started per tyfe odlifrom stored stock
samples. All equiment and supplies were sterilized before removing the &octli
from the freezer. The stodk coliwas kept on ice and was not allowed to thaw. The
sterile pipette tip was used to scrape the frozen bacterial stock and injected into the
media. The culre flasks were placed into the incubator overnight &C3at 250

revolutions per minute (rpms).

Starting the Culture

After 12 hours, the overnight cultures were checked for cloudiness. Three sterile
1L Erlenmeyer flasks were prepared by adding 500afnéterile BMHII media to each
1L flask using the sterile technique. The optical density at 600 nnaofodd each flask
was brought up to about 0.1 by adding the overnight culture. After tliey O2ach
culture was taken, the flasks were placed bacdké 37 °C incubator at 250 rpms.

A culture was started from each of the three overnight growths, providing three
technical replicates. This process was repeated six separate times: three cultures were
taken six times to provide six biological replicatesl eighteen samples overall for each

of the four sample types (wild type mid log, mutant mid log, wild type stationary, mutant
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stationary; 72 samples in total). Of the eighteen samples obtained, fifteen NMR samples
were used for wild type mid log and fiorutant mid log phases. Twelve NMR samples
were analyzed for the wild type stationary phases, and thirteen NMR samples were

analyzed for the mutant stationary phase.

ODesoo Readings

A sterile capped cuvette was filled with sterile media to use as a Blanthe 1:5
dilution blank, 0.20 mL of sterile media and 0.80 mL of sterile Millipore water was used.
SpectraMax plu8 SoftMax Pro 5 Molecular Devices Spectrometer was used to collect
the ODyooreadings. The spectrometer was set to a wavelength of80The blank
cuvette was wiped down with a Kimwipe and inserted into the spectrometer. The blank
spectrum was acquired, and the cuvettes were filled with 1 mL of each culture. Each
sample was individually wiped down and inserted into the spectromete@Ddagwas

recorded. The Oowas plotted versus time in minutes to generate a growth plot.

Culture Growth

The cultures were kept in the incubator at 37 °C and 250 rpms except for as short
of a time as possible during sample collection. ThedWas take every 0.5 h with the
first few cultures grown and everpir with the last set of cultures grown. The 1:5
dilution of the samples in the cuvettes was implemented to keep tkg r@&xings in the
linear phase. When the cultures reached mid log phaseflaé ending Olhg) and

stationary phase, samples were collected. After the cultures reached stationary phase, the
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cultures were left for another 6 to 8urs before the Olyoreadings were taken again.
The new Oporeadings were compared to the oneslt6prior to ensure that the culture

was in stationary phase when the samples were obtained.

Sample Collection

The mid log phase samples were collected when thedd&ached half of the
stationary phase Qfb. One 150 mL aliquot per culture was pouneth a screwcap
conical centrifuge tube. The samples were centrifuged at 2,500 rpms for 12 min and the
supernatant was discarded. The pellets were washed with 15 mL of cold sterile 1x PBS.
The samples were transferred to glass centrifuge tubes, agdré@ings of each tube
were taken with a 1:10 dilution. Each tube was centrifuged at 2,500 rpms for 12 min. The
supernatant was discarded, and the pellets were froz80 8C. The mutated did not
centrifuge down as fast as the wild type. The mutated ssniyald to be centrifuged for

twice as long (24 min).

Dry Mass Measurements

Watch glasses were sterilized, dried and massed. The cultures were watched until
they had an OB of about 1. Samples (25 mL) were collected and centrifuged at 2500
rpms for 25 mm. The supernatant was discarded, and the pellets were rinsed with 5 mL
of sterile PBS and vortexed. The samples were centrifuged at 2500 rpms for 25 min, and
the supernatant was discarded. The cell pellets were scraped onto the watch glasses and

put in the oven at 100C for 10 h. The masses of the dry samples were obtained. (Wang)



143

Colony Forming Units (CFUS)

YTP Agar was made using 4 g yeast extract, 8 g tryptone, 8 g glucose, 6.4 g agar
and 400 mL Millipore water. The solution was boiled godred into petri dishes. Each
culture (100 pL) was pipetted into a glass test tube A containing 9.9 mL of sterile PBS.
The pipette was used to gently mix the test tube. An aliquot of 1 mL of solution from test
tube A was pipetted into test tube B, whicmtained 9 mL of sterile PBS. This
procedure was repeated with test tubes C and D, respectively. Five 100 pL aliquots were
pipetted onto different regions of the agar plates. This procedure was repeated 9 times per
culture type. The agar plates were plaiceed a 37 °C incubator. After 24 h, each aliquot
was divided into sections and counted. The number of CFUs/mL was calculated. (Wang;

Ammons et al. 2014 and references therein)

Determining the Concentration of the Sample

The samples were brought up im& of 1XPBS and vortexed. Three aliquots
were pipetted into separate cuvettes. PBS (1x) was added to each cuvette to create a 1:10
dilution. The cuvette was pipetted up and down 5 times. The optical density of each
cuvette was taken at 600 nm. Pmeaswements were taken on three aliquots per
sample type to check for consistency. The CFUs and dry mass of the wild type and
mutant were calculated and compared. The results showed that they were statistically the
same and were as expectedEorcoli. The hyrophilic metabolites were extracted and
put in an NMR buffer as described in the main paperHndMR spectra were

obtained. The spectra were profiled with Chenomx Suite 8.2 Software. The total sum of
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the concentrations of the metabolites found in gaofiled spectrum was compared to
the total concentration found from the 6B The results were as expected: none of the
samples had an inconsistent change in concentration. The total concentration of each
sample was used as the standardization condemntrathe samples were standardized as

shown in Equatioi1.

Standardization of Metabolite Concentration

The concentration of each metabolite, which was determined by Chenomx Suite
8.2 Software, was divided by the total concentration of the sample, whikketermined
by ODsoo and checked with the total sum (Chenomx). This ratio was multiplied by 100 to

give the standardized concentration (Equafdn.
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Figure A2.Growth Plot of Wild Type and &DABCO Mannose Functionalized
Dendrimer Mutated. coli
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Figure A4.Control Experiment of Sterile Techniquesb andc are the results after
autoclaved media was poured into sterile Erlenmeyer flasks using the sterile techniques
described in the methods section and left for two weklesandf are the results after
autoclaved media was poured into sterile Erlenmeyskslan the open air and left for

two weeks. The control experiment was preformed three separate times with 3 flasks per
group
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Results by Class:
Dendrogram 1 2 3 4

800

WT 81  Mubs 1 Mat ML 1 W ML
B WT 82 Muts2  Mut ML 2 0 WT ML 2
: WT 83 Muts 3  Mut ML 3 WI_ML 3
& WT 85  Mut® 7 Miut ML 4 WT ML 6
% WT 86 Mutd s  Mit MLE W ML T
2 WT 87 Muts9 Mit ML 7 WT ML S
AL, WT 89 Mubs 10 Mat ML 8§ WT ML 9
w0 WT 8 10 Mut S 12 Mut ML 9  WT_ML_10
0 r—‘ Mot ML 10 WT ML 11
o 1 WT_ ML 12

WT ML MutML WT £ MutS WT ML 13

(@) (b)

Figure A6.a Hierarchical Clustering indicating that there are 4 unique sample types.
b Resultirg classification of all input data showing that no input sample types overlapped

T
s LTI
Mut S
4 @
e i
= 3 [P
N~ L -
N 2 HA F [
~ N\u!N‘ - o
— 1M
[ o
2
s
Q.
§ el i 1 WT ML
®) 24 A
)
B .25
-3 e XX 7 0.75 05'\?
e Z—F 7 0.5 58
A e —F—7 2.25 QoY
N - o Z Z Z—-3.75 S

- N ™M™ @« 9 ©

Component 1 (27.1%)

Figure A7.3D sPSLDA plot demonstrates that each sample type can be separated into a
distinct group without overlap



149

TableAl. All Metabolites Identified using the Chmmx NMR Suite 8.2 Software
Profiling Program and Metabolite Library.

All Identified Metabolites CAS #
Acetate 71-50-1
Acetoacetate 541-50-4
Adenosine 5861-7
Alanine 56-41-7
AMP 61-19-8
Aspartate 56-84-8
Betaine 107437
Cysteine 54-90-4
Cytosine 71-30-7
Formate 141-53-7
Fucose 243880-4
Fumarate 142-42-7
Glutamate 56-86-0
Glycine 56-40-6
Histidine 71-00-1
Homocysteine 6027130
Isocitrate 320-77-4
Isoleucine 73325
Lactate 50-21-5
Leucine 61-90-5
Lysine 56-87-1
Methionine 59-51-8
N-Acetylglucosamine 751217-6
NAD+ 53-84-9
Phenylalanine 6391-2
Proline 609-36-9
Pyroglutamate 2887451-3
Succinate 110156
Tyrosine 60-18-4
UDP-glucose 133891
Valine

72-18-4
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Figure A8.Top Mid Log Phase Compounds Significantly Correlated With
acetylglucosamine

Top Compounds Correlated withHomocysteine

Homocysteine |
MN-Acetylglucosamin
Acetoacetate
Lactate |
Betaine |
Glutamate |
Formate |
AMP

NAD
FPhenylalanine
Leucine
Acetate
Valine
Isoleucine |
Glycine [
Alanine
Proline

T T T T T
-1.0 -0.5 0.0 05 1.0

Correlation coefficients
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APPENDIXB
SUPPLEMENTARY MATERIALS FORCHAPTER 3:

B. CEREUSMANUSCRIPT
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Figure B1. Procedure overview. Overview of the start of the cultures to the hydrophilic
metabolite samples ready to be pelleted and frozeB0&C then put into NMR buffer.
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Preparation and Sterilization of Media

Growth media (1 L) was prepared by adding 22 Broido Mueller Hinton 1
Media (BMHII) and filling to 1 L with Millipore water in a 2 L Erlenmeyer flask, which
was capped with aluminum foalith a strip of autoclave tape. The media was heated and
stirred until homogeneous with a stir bar on a hot plate fdr5l@inutes, then

autoclaved. Sterile methods were used whenever the aluminum foil lid was removed.

Sterile Technigue

The autoclave as used on all supplies and solutions that needed to be sterilized
and could withstand the autoclave. The door in the hood was never raised more than a
foot. The hood, all equipment and supplies, my gloves and lab coat sleeves were sprayed
down with 70%ethanol. No lids were removed until after the ethanol dried, only when
necessary and for as short of a time as possible. A Bunsen burner was lit, and the rim of

each flask was passed through the flame before and after any pouring occurred.
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Overnight Culure Preparation

In a 250 mL Erlenmeyer flask, 80 mL of the already prepared and sterilized
BMHII media was poured using sterile technique. Frozen stock and mBtateceus
samples were kept on ice while separate sterile pipette tips were used tdtsefameen
bacterial stock. The pipette tips with frozen bacterial stock were ejected into separate
media filled 250 mL Erlenmeyer flasks. These flasks were put in an incubatotGt 37

with 250 revolutions per minute (rpms) overnight.

Starting the Cultre

The overnight cultures were cloudy and used to start the sample cultures. Sterile
technique was used to af@l0 mL of sterile BMHII media to each 1 L flask, and
overnight culture was added until the optical density at 600 nmogDieached 0.1.
After e ac h fdwasdioulst up@I, they were placed back into the 37 °C

incubator at 250 rpms.

ODesoo Readings

A blank was created by filling a capped cuvette with sterile media. Sterile media
(0.20 mL) and 0.80 mL of sterile Millipore water wased to create a 1:5 dilution blank.
The ODygoreadings were conducted on a SpectraMax$BisftMax Pro 5° Molecular
Devices Spectrometer set to 600 nm wavelength. Before any cuvette was placed into the
spectrometer, it was wiped down with a Kimwipe. A blank spectrum was acquired prior
to running a sample cuvette filled withmlL of culture. The OBy wasrecorded and

plotted versus time (min) to generate the sample growth plots.
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Culture Growth

Note:All cultures were kept in the 37 °C incubator at 250 rpms, exception during sample
collection.

To generate the growth plot and track individual sample progres©DRoo was
taken every half of an hour for the first few cultures and every hour for the last few
cultures of every sampl e éooywasgoing to bergreater Wh e
than 1, a 1:5 dilution of all samples was enacted in the OD esuetkeep them in the
linear phase. Sample collection was conducted in the mid log (half of the enditgy OD
and stationary phases. After the stationary phase samples were collected, the cultures
were left overnight and the QB was taken again, to sare that the O&o did not

increase and that the cultures were in stationary phase the night before.

Sample Collection

Samples were collected in the mid log phase (half the ending)CGidd the
stationary phase. Two 150 mL aliquots per culture were tadtio form one sample.
Screwcap conical centrifuge tubes were used to centrifuge the samples at 2,500 rpms for
12 minutes. The supernatant was discarded, and the cell pellets were washed with 15 mL
of cold sterile 1x PBS. The samples were transfaoegiass centrifuge tubes. A 1:10
dilution was used to obtain @8 readings of for each sample. They were centrifuged at
2,500 rpms for 12 minutes for the wild type samples, and for 24 minutes for the mutant

samples, since it took longer for the mutsatnples to centrifuge down.
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Dry Mass Measurements

At an ODsoo 0f 1, 25 mL of sample culture was collected. They were centrifuged
at 2500 rpms for 25 minutes and the supernatant was discarded. The cell pellets were
rinsed with 5 mL of sterile 1x PBS3d vortexed, then centrifuged at 2500 rpms for 25
minutes. The supernatant was discarded, and the cell pellet was scraped onto a sterile and
premassed watch glass. The watch glasses were placed in the oveR@ifa000
hours. The masses of the dreaimples were obtained. (Aries and Cloninger 2020;

Wang)

Colony Forming Units (CFUSs)

An YTP Agar solution was created from 4 g yeast extract, 8 g tryptone, 8 g
glucose, 6.4 g agar and 400 mL Millipore water. After the solution was boiled, it was
poured nto petri dishes. A glass test tube labeled A contained 9.9 mL of sterile PBS and
100 pL of culture and was gently mixed with a pipette tip. A glass test tube labeled B
contained 9 mL of sterile PBS and 1 mL from test tube A and was gently mixed with a
pipette tip. A glass test tube labeled C containet%of sterile PBS and 1 mL from test
tube B and was gently mixed with a pipette tip. A glass test tube labeled D contained
9 mL of sterile PBS and 1 mL from test tube C and was gently mixed with aepijpet
A 100 pL aliquot was taken from test tube D and pipetted onto an agar plate and a
bacterial spreader was used. This was repeated nine times per sample type. The agar
plates were incubated at 37 °C for 24 hours. Each plate was divided inboseactd the
CFUs were counted. The number of CFUs per milliliter was calculated. (Aries and

Cloninger 2020; Wang; Ammons et al. 2014 and references therein)



164

Data
6
5 E#}%’iéﬁ e R
E gutstt u u
2 i»; %ﬂﬁi
i
o } ﬁi - *WT
g 3 % EE T 0] T - B Mutant
fﬁ& I 1 A WT DABCOMD
1
2 ¥ 1 Mut DABCOMD
1 Ii |
At
& !lgiEE
0
0 200 400 600 800 ( 1[;00 1200 1400 1600 1800
Time (min
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FigureB3. Spectra for each of the 8 sample types.
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TableB1. All Metabolites Identified using the Chenomx NMR Suite 8.4 Software
Profiling Program and Metabolite Library

All Identified Metabolites CAS #
Acetate 71-50-1
Acetoacetate 541-50-4
Adenine 73-24-5
Adenosine 5861-7
Alanine 56-41-7
AMP 61-19-8
Aspartate 56-84-8
Betaine 107437
Cystathionine 56-88-2
Cysteine 54-90-4
Formate 141-53-7
Fucose 2438804
Fumarate 142-42-7
Glutamate 56-86-0
Glutamine 56-85-9
Glycine 56-40-6
Histidine 71-00-1
Homocysteine 6027130
Isocitrate 320:77-4
Isoleucine 73-32-5
Lactate 50-21-5
Leucine 61-90-5
Lysine 56-87-1
Methionine 5951-8
N-Acetylglucosamine 751217-6
NAD+ 53-84-9
Phenylalanine 63-91-2
Proline 609-36-9
Pyroglutamate 2887451-3
Pyruvate 127-17-3
Serine 302-84-1
Succinate 110156
Tyrosine 60-18-4
UDP-glucose 133891
Uracil 66-22-8
Uridine 5896-8
Valine 72-184
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FigureB4. (a) Hierarachical Clustering of all sample types showing that WT ML and WT
D ML cluster together, WT D S and Mut D S cludtagether and all other sample types
separate. (bpample abbreviation key. (c) Resulting classification of all input data
showing the clustering of each individual sample. (d) Hierarchical Clustering of mid log
phase samples showing that WT ML and WT D bllister together, and all other sample
types separate. (e) Hierarchical Clustering of stationary phase samples showing that WT
D S and Mut D S cluster together, and all other sample types separate. (f) Hierarchical
Clustering of unchallenged sample typeewing complete separation of sample types.

(g9) Hierarchical Clustering of DABCOMD challenged samples showing that the
stationary phases cluster together, while the mid log phases separate.
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Figure B5.2D ortho PLSDA (a) Contains all sample typedemonstrates the greatest
degree of separation with all sample types together, with only an overlap of the oval of
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of WT S and Mut ML. B-€) demonstrates complete sepanatad all sample typesb]
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Observations (axes F1 and F2: 43.22 %)
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Figure B7.3D sPLSDA a Contains all sample types: showing a slight overlap of WT
ML with WT D ML, Mut ML separated, Mut D ML separated, Mut S separated, while
WT S, WT D S and Mut D S clusterdalContains only mid log sampleshowing WT

ML clustering neavWT D ML and completeeparatation of Mut ML and Mut D Mic.
Contains only stationary phase samples: showing WTclistering betweeMut D S
andMut S, WT S being the most distinct graupContains only unchallenged samples:
showing a complete separatiohsample types Contains only DABCOMD challenged
samples: showing complete separation of all sample types.



